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ABSTRACT 

Structural  materials  are  evaluated  for  use  in  fully -buried 
personnel  shelters,  located  above  the  ground  water  table,  Analytical 
relationships  are  supplied  for  the  structural  elements  of  these  shel¬ 
ters,  assuming  shelter  configurations  of  a  rectangular  cubicle,  a 
horizontal  180°  arch  and  full  cylinder,  and  a  180°  dome  and  full 
sphere,  In-place  costa  are  derived  for  suitable  structural  materials, 
and  cost  equations  are  supplied  for  estimating  the  in-place  cost  of 
structural  elements. 

Various  structural  units  are  used  in  preparing  alternative 
designs  for  a  100-man  capacity  shelter  in  the  10  psi  to  200  psi  over¬ 
pressure  region.  Cost  trends  are  indicated,  and  minimum  structural 
costs  are  related  to  design  level  of  overpressure. 
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SCOPE  OF  WORK  OF  CONTRACT 


"The  Contractor,  in.  consultation  and  cooperation  with  the  Govern¬ 
ment,  shall  furnish  the  necessary  facilities,  personnel  and  other  services 
as  may  be  required  to  conduct  materials  research  for  shelter  structures  as 
specifically  provided  for  herein  and  generally  consistent  with  the  outline  of 
work  contained  in  Contractor's  proposal  No.  62-373  K  dated  20  December 
1961.  The  specific  work  and  services  hereunder  shall  include,  but  not 
necessarily  be  limited  to,  the  following: 

(1)  investigate  materials  needed  to  produce  a  broader  choice 
of  shelter  construction  materials  and  techniques  for  the 
fabrication  of  underground  shelters  to  achieve  lower  costs 
or  take  advantage  of  a  wider  range  of  industrial  capa¬ 
bilities  in  a  large-volume  program 

(2)  investigate  the  material  properties,  production  capab¬ 
ilities  and  probable  costs  of  shelter  structural  materials, 
such  as  corrugated  steel  plates,  steel  structural  shapes, 
pre-cast  concrete,  reinforced  concrete,  fiberglass  and 
plastics  as  applied  to  standard  configurations  for  under¬ 
ground  group  shelters;  and 

(3)  investigate  novel  possibilities  Buch  as  chemical  stabili¬ 
zation  of  soil,  rammed  earth  and  adobe.  " 


APPROACH 

During  initial  discussions  between  the  contractor  and  the  Office  of 
Civil  Defense  it  was  agreed  that  the  personnel  shelters  under  study  would 
be  considered  as  fully  buried,  buried  at  shallow  depths  ,  and  located  above 
the  permanent  ground  water  level.  It  was  further  agreed  that  the  external 
design  environment  for  these  shelters  would  be  compatible  with  weapon 
yields  of  one  to  100  megatons,  producing  side-on  surface  overpressures  of 
10  psi  to  200  psi  at  the  shelter  locations.  A  shelter  capacity  of  100-men  was 
selected  for  study  purposes. 
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It  was  intially  postulated  that  structural  materials  for  buried 
shelters  could  best  be  compared  on  the  basis  of  their  estimated  in-place 

>j< 

structural  costs  under  a  range  of  service  conditions.  Several  represent¬ 
ative  shelter  configurations  (rectangular  cubicle,  horizontal  cylinder, 
horizontal  180°  arch,  180°  hemi-epherical  dome  and  sphere)  were  accordingly 
analysed  in  terms  of  their  basic  structural  elements  for  various  possible 
framing  systems.  The  material  parameters  of  these  elements  were  then 
varied,  over  a  range  of  simulated  loading  conditions,  to  determine  the 
least-cost  structural  designs  for  each  element.  After  assuming  stated 
dimensional  and  layout  criteria,  these  least-cost  structural  elements  were 
then  assembled  into  alternative  shelter  combinations,  and  the  composite 
cost  of  each  shelter  subsequently  calculated,  By  performing  repetitive 
trials,  a  "least  in-place  structural  cost"  relationship  for  the  100-man 
capacity  shelter  was  developed  as  a  function  of  overpressure  within  the 
10  poi  to  200  psi  design  range.  This  relationship  is  shown  graphically  on 
Figure  S-l,  where  the  structural  cost  and  optimum  configuration  of  the 
leaet-structural-cost  100-man  shelter  are  indicated  as  functions  of  design 
overpressure. 

The  report  is  divided  into  five  major  chapters,  with  a  bibliography 
supplied  as  a  sixth  chanter-.  The  first  chapter  describes  the  research 
approach  used  in  the  study,  including  the  several  simplifications  employed 
in  the  dynamic  analysis  of  the  structural  elements,  and  also  summarizes 
the  major  limitations  of  the  study.  The  second  chapter  supplies  estimates 
of  in-place  unit  costs  and  projections  of  future  availability  for  the  major 
structural  materials.  The  third  chapter,  the  most  lengthy  in  the  report, 
contains  derivations  for  the  many  analytical  equations  required  for  study 
of  the  structural  elements.  F.xtensive  design  tables  are  supplied,  as  well 
as  generalized  cost  equations  for  each  structural  element.  In  particular 
cases,  minimum-cost  solutions  for  the  generalized  cost  equations  are 
provided. 


"In-place"  structural  cost,  as  used  in  this  study,  is  based  upon 
average  material  costs  in  the  Chicago  Metropolitain  Area  during  1963.  To 
the  basic  material  cost  is  added  fabrication  costs  and  any  charges  for  trans¬ 
portation  and  erection.  To  this  cumulative  total  is  added  an  additional  40  per¬ 
cent  to  provide  for  general  overhead,  job  overhead,  and  contractors  profit. 
The  costs  of  site  acquisition  and  preparation,  Government  supervision, 

AfcE  fees,  etc.  ,  are  not  included, 
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Chapter  4  contains  several  examples  of  structural  shelter  design, 
applying  the  theoretical  relationships  supplied  in  Chapter  3.  These  Trial 
Designs  are  representative  of  those  used  to  construct  the'tninimum 
structural  costs"  curve  of  Figure  S-l.  Finally,  Chapter  5  contains  a  brief 
summary  of  the  minimum-cost  design,  experience  obtained  from  Chapters 
3  and  4,  and  supplies  in-place  structural  coat  data  for  various  configurations 
of  100-man  shelters  within  the  10  psi  to  200  psi  range  of  design  overpressure. 

Two  appendices  are  attached  to  the  report.  The  first  describes  the 
findings  of  a  limited  series  of  static  and  dynamic  loading  tests  on  buried 
small-scale  roof  panels.  The  second  appendix  provides  a  brief  "state  of 
"the  art  discussion  of  fiber-reinforced  plastic  shelters. 

FINDINGS 

The  major  findings  of  the  study  are  as  follows: 

(1)  The  configurations  corresponding  to  least  in-place  structural 
cost  for  the  100-man  shelter  consist  of  a  rectangular  cubicle 
for  design  overpressures  less  than  approximately  100  psi, 
and  of  a  horizontal  cylinder  for  greater  design  overpressures 
within  the  200  psi  study  limit.  There  is  some  indication  that 
the  optimum  configuration  at  considerably  higher  design  over¬ 
pressures  might  be  the  sphere,  but  this  hypothesis  was  not 
verified  within  the  limits  of  the  study, 

(2)  The  structural  arrangement  corresponding  to  minimum  in- 
place  structural  cost  is  related  to  the  shelter  configuration 
and  to  the  design  overpressure,  For  the  cubicle  configuration, 
the  use  of  short  spans  for  flexural  members  (within  the 
physical  limits  permitted  by  interior  layout  requirements)  is 
generally  consistent  with  maximum  economy, 

(3)  Of  those  structural  materials  subjected  to  detailed  examination, 

the  one  associated  with  minimum  in-place  structural  cost  for 

>{< 

any  constant  allowable  ratio  of  total  strain  to  elastic  strain 

The  ratio  of  maximum  deflection  of  a  dynamically  loaded  member 
(a  combination  of  elastic  and  of  plastic  strain)  to  the  deflection  of  the  member 
at  its  elastic  yield  point  is  designated  by  the  symbol/-'.  For  a  material  with 
no  tolerable  range  of  plastic  yielding, si.  0.  (See  Ref.  2  of  report). 
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is  almost  invariably  rcinforcnd  concrete.  A  limited  exception 
occurs  in  the  lower  range  of  design  overpressures  (p  =  10  psi) 
where  slight  economic  advantages  result  from  the  use  of  struct¬ 
ural  steel,  timber,  and/or  block  masonry  units  ,  For  higher  design 
overpressures,  however,  an  apparent  cost  penalty  is  associated 
with  the  use  of  structural  materials  other  than  reinforced  concrete. 

(4)  There  remains  a  basic  question  as  to  whether  the  apparent 
economic  advantage  of  reinforced  concrete  as  a  structural 
material  for  shelters  exists  in  fact.  While  this  question 
must  remain  largely  unanswered,  due  to  deficiencies  in  our 
current  knowledge  of  blast  loading  and  material  behavior,  at 
least  two  further  points  should  ultimately  be  considered. 

First,  there  is  a  real  question  as  to  the  extent  of  plastic 
yielding  under  blast  loading  which  can  safely  be  tolerated 

by  different  structural  materials  and  by  different  shelter 
configurations.  If,  for  example,  it  were  found  that  an  arch 
fabricated  from  steel  plate  could  be  designed  for  f*  =10.0 
with  the  same  assurance  as  a  geometrically-similar  reinforced 
concrete  arch  could  be  designed  for  /*  =2.0,  then  the  relative 
economics  of  curved  steel  plate  and  of  reinforced  concrete 
shells  must  be  re-evaluated.  (See  Figure  S-l,  noting  relation¬ 
ship  between  "in-place  cost"  and  assumed  value  of  f*  ), 

Next  assuming  that  a  better  understanding  can  be  developed  as 
to  actual  soil- structure  interaction  during  blast  loading,  the 
flexibility  of  a  loaded  structure  within  its  stability  limits  may 
become  of  major  importance  in  the  economic  development 
of  a  combined  soil-structure  system  to  resist  an  applied  load. 

This  possibility  is  discussed  in  Appendix  A  of  the  report. 

^.Should  such  prove  to  be  the  case,  consideration  must  then  be 
1  ^iiven  to  the  flexibilities  of  structural  materials  in  the  relation 
to  each  other  and  to  the  soil  surrounding  a  shelter. 

(5)  Lacking  a  much  better  understanding  of  soil-structure  interaction 
and  of  the  economic  factors  involved  in  developing  a  combined 
soil  -  structure  resistance  to  applied  loading,  no  quantitative 
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conclusions  can  be  drawn  regarding  the  economic  desirability 
of  soil  stabilization  in  the  shelter  vicinity. 

(6)  Fiber-reinforced  plastics,  while  of  probable  long-range  interest 
for  shelter  applications,  do  not  appear  to  be  economically  - 
advantageous  as  a  shelter  structural  material  at  the  present 
time. 

(7)  As  noted  in  Chapter  1  of  the  report,  the  actual  precision  of  the 
cost  comparisons  is  limited  by  the  approximations  of  the 
simplified  loading  theories  employed  in  the  structural  analyses. 
Within  the  limits  of  these  approximate  theories,  it  is  reasonable 
to  anticipate  that  further  refinements  in  the  structural  detailing 
might  lower  shelter  structural  costa  by  perhaps  an  additional 

5  percent  (for  example,  further  attention  could  be  directed 
to  the  empirical  postulates  that  (minimum)  =  0.25  percent 
and  ^  (minimum)  =  0.  50  percent  in  flexural  members  where 
web  reinforcement  is  employed),  By  consideration  of  more 
economical  construction  techniques  (pre-casting,  multiple  use 
of  formwork,  more  efficient  excavation  techniques,  etc.), 
the  total  structural  cost  for  a  specific  shelter  type  might  con¬ 
ceivably  be  reduced  by  another  10  percent.  The  largest  single 
factor  influencing  shelter  costs  for  a  given  capacity  and  design 
overpressure  is,  however,  the  stated  requirements  for  interior 
shelter  layout.  These  requirements,  which  involve  the  projected 
behavior  of  people  in  s  .  Iters,  merit  considerably  more  attention 
than  has  been  possible  in  this  study. 
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NOMENCLATURE 


NOMENCLATURE 


portion  of  half-thickness  of  masonry  wall  which,  for  an  angular 
rotation,  0,  is  not  in  contact  with  the  supports,  jin.) 

cross -sectional  area,  (sqin.) 

total  area  of  reinforcing  steel  in  a  concrete  member,  (sq  in. ) 

area  of  tensile  reinforcing  steel  in  a  concrete  member,  (sq  in.) 

area  of  compressive  reinforcing  steel  in  a  concrete  member,  (sqin.) 

area  of  temperature  reinforcing  ates?.  in  a  concrete  member,  (sqin) 

area  of  diagonal  tension  reinforcement  steel  in  a  concrete 
member,  (sqin.) 

net  area  of  steel  beam  web,  (sq  in. ) 

width  of  beam  or  column, flange  width  of  steel  beam,  width  of 
one-way  slab,  (in.  ) 

width  of  stirrup  in  reinforced  concrete  member,  (in. ) 

center-to-center  spacing  of  beams,  (ft) 

total  width  of  rectangular  structure,  (ft) 

cohesive  strength  of  soil,  (psf) 

general  term  for  cost  factor 


xxiii 


cost  factor  per  unit  of  structural  element  for  concrete,  ($/ft  or 
$/sq  ft) 

cost  factor  per  unit  of  structural  element  for  form  work, 

($/ft  or  $/sq  ft) 

cost  factor  per  unit  of  structural  element  for  reinforcing  steel, 

( $ / f t  or  $/sq  ft) 

cost  factor  for'  reinforcing  steel  per' unit  of  two-way  reinforced 
slab,  between  dtop  panels,  ($/sqft) 

cost  factor  per  unit  of  structural  element  for  temperature  steel, 

<$ /ft  or  $/sq  ft) 

factor  for  composite  cost  per  unit  of  a  structural  element, 

($/ft  or  $/ sq  ft) 

coat  factor  per  unit  of  structural  element  for  shear  reinforcement 
steel,  ($/ft  or  $/sq  ft) 

coat  factor  for  timber  per  unit  of  structural  element,  ($ /ft) 

total  cost  of  concrete  in  structural  element,  ($) 

total  cost  of  form  work  for  structural  element,  ($) 

total  cost  of  main  reinforcing  steel  in  structural  element,  ($) 

total  cost  of  temperature  steel  in  structural  element,  ($) 

composite  cost  of  entire  structural  element,  ($) 

total  cost  of  shear  reinforcement  steel  in  structural  elements,  ($) 
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Cw  =  total  cost  of  timber  in  structural  element,  ($) 

d  =  effective  depth  to  Bteel  in  reinforcod  concrete  members,  (in. ) 

d'  =  distance  from  tension  face  of  beam  or  slab  to  center  of  gravity  of 

tension  reinforcement,  d1  =  D  -  d,  (in.  ) 

d  *  effective  depth  to  steel  in  drop  panel  for  flat  slab  design,  (in. ) 

P 

dw  =  net  depth  of  web  in  steel  beams,  (in. ) 

D  =  total  depth  or  thickness  of  a  member,  (in. ) 

Dc  =  capital  diameter,  (ft) 

Dd  =  total  depth  of  drop  panel  in  flat  slab  design,  (in. ) 

°cm  =  unit  strain  in  arching  maBonry  wall 

e'  =  ultimate  unit  strain  inarching  masonry  wall 

e^  »  eccentricity  of  dynamic  thruBt  applied  to  eccentrically-loaded 
reinforced  concrete  column  or  bearing  wall,  (in. ) 

®db  =  value  ed  at  full  resistance  of  eccentrically-loaded 

compressive  member  is  simultaneously  developed  in  compression 
and  in  tension,  (in.) 

E  =  modulus  of  elasticity,  (psi) 

f  =  unit  static  compressive  strength  of  concrete,  based  on  standard 

28-day  cylinder  test,  (psi) 

f'  =  unit  ultimate  strength  of  arching  masonry  wall,  corresponding  to 

ultimate  strain  e  ,  (psi) 
cm 
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unit  dynamic  compressive  strength  of  concrete*  (psi) 

dynamic  yield  stress  in  flexure  for  timber  member,  (psi) 

dynamic  yield  stress  in  compression  for  timber  member  axially- 
loaded  parallel  to  the  grain,  (psi) 

dynamic  yield  stress  in  compression  for  timber  member  axially- 
loaded  perpendicular  to  the  grain,  (psi) 

dynamic  yield  stress  in  horizontal  shear  for  timber  member,  (psi) 

dynamic  yield  stress  in  vertical  shear  for  timber  member,  (psi) 

dynamic  yield  stress  of  steel  in  tension  or  compression,  (psi) 

conventional  working  stress  for  static  flexural  loading  of  timber, 
(psi) 

conventional  working  stress  for  static  compressive  loading  of 
timber  parallel  to  the  grain,  (psi) 

conventional  working  stress  for  static  compressive  loading  of 
timber  perpendicular  to  the  grain,  (psi) 

static  yield  stress  of  steel  in  tension  or  compression,  (psi) 

acceleration  of  gravity,  (ft/sec/sec) 

depth  from  ground  surface  to  top  of  structure,  (ft) 

average  depth  of  earth  cover,  (ft) 

height  of  column,  (ft) 
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4 

moment  of  inertia,  (lb/in.  ) 
general  term  for  a  defined  constant 

composite  unit  cost  of  concrete  in  roof  slabs  and  beams,  ($) 

composite  unit  cost  of  form  work  in  roof  slabs  and  beams, 
k'f  -  Xf  +  0.  012  D,  ($) 

diagonal  tension  coefficient  for  a  slab  or  beam 
shear  coefficient  for  a  slab  or  beam 
ratio  of  horizontal  to  vertical  soil  pressure 
general  term  for  a  defined  constant 

span  length  of  beam,  transverse  dimension  of  footing,  (ft) 
length  of  segment  of  arch,  (ft) 

unbraced  length  of  beam  on  one  side  of  plastic  hinge,  (ft)’ 

length  of  steel  beam,  loaded  to  incipient  yield  in  shear,  at 
which  the  maximum  elastic  moment,  M,  is  numerically  equal 
to  the  reduced  plastic  moment,  (ft) 

length  of  beam  at  which  incipient  yield  in  flexure  and  in 
shear  occur  simultaneously,  (ft) 

length  of  long  span  for  two-way  reinforced  concrete  Blab,  (ft) 
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du 


M. 
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M' 


M 


pr 
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Pm 

Pao 

Pt 


length  of  short  span  for  two-way  reinforced  concrete  slab,  (ft) 
transformed  length  of  short  span  for  orthotropic  two-way  slab,  (ft) 
total  length  of  structure,  (ft) 

general  term  for  applied  or  resisting  moment,  (in.  -lb) 

ultimate  dynamic  resisting  moment  of  eccentrically-loaded 
reinforced  concrete  compression  member,  (in.  -lb) 

elastic  resisting  moment,  (in.  -lb) 

fully-plastic  resisting  moment,  (in.  -lb) 

fully-plastic  resisting  moment  with  axial  load,  (in.  -lb) 

plastic  resisting  moment  of  flanges  of  a  rolled  steel  beam 
whose  web  is  fully  plastic  in  shear,  (in.  -lb) 

d/12  L,  non-dimensional  term  UBed  in  analysis  of 
arching  masonry  wall 

ratio  of  area  of  steel  to  net  section  area,  bd, 
of  reinforced  concrete  member 

peak  value  of  loading  pressure  on  structure,  (psi) 

peak  side-on  overpressure  at  ground  surface,  (psi) 

ratio  of  total  area  of  main  reinforcing  steel  to  gross  section 
area,  bD,  of  reinforced  concrete  compressive  member 
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ratio  of  total  area  of  main  reinforcing  steel  to  net  section  area> 
bd ,  of  reinforced  concrete  compressive  member 

thrust  in  arch  or  column,  column  load  on  square  footing,  wall 
load  per  lineal  foot  on  continuous  footing,  (lb) 

ultimate  dynamic  capacity  of  eccentrically-loaded  reinforced 
concrete  compression  member  with  load  eccentrcity  e^  ,  (lb) 

ultimate  dynamic  compressive  strength  of  an  axially-loaded  rein¬ 
forced  concrete  compression  member,  (lb) 

ultimate  dynamic  compressive  strength  of  an  eccentrically -loaded 
reinforced  concrete  compression  member,  (lb) 

dynamic  yield  resistance  of  an  axially -loaded  steel  or  timber 
compression  member,  (lb) 

dynamic  yield  resistance  of  an  eccentrically-loaded  steel 
compression  member,  (lb) 

width  of  square  drop  panel  in  flat  slab  design,  (ft) 
perimeter  of  reinforced  concrete  column,  (ft) 

static  yield  resistance  of  axially-loaded  steel  or  timber  compression 
member,  (lb) 


unit  yield  resistance  of  member,  general,  (psi) 


unit  compression  mode  resistance,  (psi) 


ratio  of  pf .  /f1.  for  reinforced  concrete  member 
r  dy  dc 
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=  thickness  of  steel  beam  flange,  (in.) 

tf  a  rise  time  of  pressure  pulse,  (seconds) 

t  a  thickness  of  steel  beam  web,  (in.) 

T  a  natural  period  of  vibration,  (seconds) 

w 

u  a  Non-dimensional  term  used  in  analysis  of  arching  masonry 

wall. 

v  a  average  shear  stress,  (psi) 

vdy  =  average  dynamic  shear  yield  stress,  (psi) 

V  a  total  shear,  (lb) 

Vp  a  total  shear  causing  full  plastification  of  net  web  area  of  rolled 
steel  beam,  (lb) 

Vu  a  ultimate  shearing  resistance  of  cross-section  of  reinforced 
concrete  member,  (lb) 

w  =  weight  per  unit  of  structural  element,  (lb/ft,  Ib/sqft  or  lb/ft^)  ; 

also,  unit  weight  of  soil,  (Ib/ft^) 

w  a  maximum  deflection  of  arching  masonry  wall  corresponding  to 

an  angular  rotation,  0  ,  (in. ) 

W  =  weapon  yield  in  megatons 

X  =  general  term  for  cost  coefficient 

Xc  =  unit  cost  of  concrete,  ($/ft^) 
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unit  cost  of  reinforced  concrete  masonry  units,  ($/sq  ft) 
unit  cost  of  form  work,  ($/sq  ft) 

unit  cost  of  steel,  excluding  shear  reinforcement,  expressed  as 
($/ft^)  for  reinforcing  tie  and  temperature  steel,  { $ /lb)  for 
rolled  steel  shapes  and  ($/sq  ft)  for  steel  plate 

unit  cost  of  shear  reinforcement  steel,  ($/ft^) 

unit  cost  of  timber,  ($/MBF) 

distance  measured  parallel  to  y-coordinate  axis,  (in.) 

distance  to  centroid  of  area,  measured  parallel  to  y-coordinate 
axis,  (in.) 

depth  below  ground  surface,  (ft) 

plastic  section  modulus  of  steel  beam,  (in.  3) 

reduced  plastic  section  modulus  of  steel  beam,  (in.  ’) 

ratio  of  short  to  long  spans  of  two-way  isotropic  and  orthotropic 
slabs)  also,  effective  column  length 

transformed  ratio  of  short  to  long  spans  of  a  two-way  orthotropic 
slab 

change  in  length  of  an  element  of  an  arching  masonry  wall,  (in.  ) 

maximum  change  in  length  of  an  element  of  an  arching  masonry 
wall,  (in,  ) 

horizontal  angle 
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ratio  of  negative  to  positive  reinforcement  percentages 

ductility  factor,  coefficient  of  orthotropy  for  two-way  orthotropic 
slab,  ratio  of  maximum  deflection  to  deflection  at  yield. 

value  of  coefficient  of  orthotropy  for  maximum  weight  economy  in 
a  two-way  orthotropic  slab 

general  term  for  percentage  of  tensile  steel  reinforcement 

general  term  for  percentage  of  compressive  steel  reinforcement 

effective  percentage  of  tensile  steel  reinforcement  at  mid-span 

effective  percentage  of  tensile  steel  reinforcement  at  support 

effective  percentage  of  tensile  steel  reinforcement  at  mid-span 
in  long  direction  of  two-way  slab 

effective  percentage  of  tensile  steel  reinforcement  at  supports  in 
long  direction  of  two-way  slab 

effective  percentage  of  tensile  steel  reinforcement  at  mid-span 
in  short  direction  of  two-way  slab 

effective  percentage  of  tensile  steel  reinforcement  at  supports 
in  short  direction  of  two-way  slab 

total  percentage  of  main  reinforcing  steel,  referred  to  gross 
concrete  area,  bD 

total  percentage  of  main  reinforcing  steel,  referred  to  net  concrete 
area,  bd 


-  percentage  of  temperature  reinforcing  steel  and/or  tie  steel 
<iv  =  percentage  of  web  reinforcing  steel 
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STRUCTURAL  MATERIALS 
FOR  HARDENED  PERSONNEL  SHELTERS 

CHAPTER  1  INTRODUCTION 

1.  1  Objectives  of  the  Study 

The  objective  of  this  research  program,  as  defined  by  the  Office 
of  Civil  Defense  in  its  initial  request  for  research  proposals,  is  the  evalua- 
tion  of  significant  properties,  availability,  and  in-place  coats  for  those 
structural  materials  which  might  be  utilized  in  a  large-volume  effort  to 
construct  underground  group  shelters.  It  was  anticipated,  in  initiating  this 
study,  that  its  execution  would  indicate  possible  cost-reduction  features  in 
the  design  of  the  basic  shelter  structure.  Also,  by  identifying  a  broader 
range  of  suitable  structural  materials,  national  capabilities  for  a  major 
shelter  construction  program  can  subsequently  be  evaluated. 

1.2  Scope 

1.2.1  Structural  Materials 

As  a  general  policy,  evaluations  are  performed  for  basic  construc¬ 
tion  materials  rather  than  for  proprietory  units  or  combinations.  Structural 
materials  are  subjected  to  a  preliminary  screening  by  applying  several 
qualitative  criteria.  It  is  stipulated  that  any  material,  in  order  to  qualify 
for  detailed  study,  must  have  major  physical  properties  which  are  suited  to 
the  proposed  use.  It  is  considered  necessary  that  a  material  be  presently 
available  for  construction  purposes,  without  excessive  cost,  and  be  of 
significant  commercial  importance, 

A  description  of  the  structural  materials  which  are  examined  in 
this  study,  with  pertinent  data  relative  to  their  significant  properties, 
availability  and  cost,  is  contained  in  Chapter  2. 

1.2.2  Shelter  Charcteristic s 

A  "hardened"  group  shelter  is  designed  for  use  during  the  attack 
and  early  post-attack  periods.  Its  function  in  providing  protection  during 

The  term  "in-place  cost,  "  as  used  in  this  report,  is  defined  on  page  2-8. 
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attack  will  normally  control  its  structural  design.  It  must  continue  to  shel¬ 
ter  people  during  the  period  immediately  following  an  attack,  and  thus  must 
contain  certain  basic  supplies  and  equipment.  This  latter  requirement,  by 
establishing  minimum  space  needs  for  some  defined  period  of  occupancy, 
will  usually  control  the  interior  layout  for  the  shelter.  Other  planning  con¬ 
siderations,  such  as  alternative  peace-time  uses,  may  warrant  the  provi¬ 
sion  of  facilities  or  supplies  which  exceed  the  minimum  requirements.  For 
purposes  of  this  study,  however,  attention  is  given  only  to  such  shelter 
features  as  are  considered  essential  for  human  survival.  Further,  by  rea¬ 
son  of  the  defined  research  objectives,  interest  is  restricted  solely  to  those 
uses  and  functions  which  may  influence  the  selection  of  structural  materials 
for  the  shelter. 

The  research  program  postulates  group  shelters  which  satisfy  the 
requirements  for  "fully -bur led"  structures,  as  indicated  in  Figure  1-1, 

These  shelters  are  to  be  located  at;  depths  below  normal  ground  surface 
which,  at  their  maximum,  do  not  exceed  50  feet  to  the  foundation  level. 

(31 

Thus,  the  shelters  may  also  be  considered  as  "shallow-buried"  structures'  \ 
The  analyses  further  assume  that  the  structures  will  be  located  above  the 
level  of  the  ground  water. 

Associated  with  the  "shallow"  burial  of  the  shelters  and  the  stipu¬ 
lation  that  all  portions  of  the  structure  be  located  above  the  ground  water 
level,  it  is  assumed  that  open-cut  excavation  methods  will  be  employed 
during  construction.  The  shelters  will  then  be  assembled  or  fabricated 
in-place,  and  the  excavation  backfilled  under  controlled  conditions. 

1.2.3  Attack  Environment 

In  order  to  evaluate  the  structural  materials  for  use  in  under¬ 
ground  group  shelters,  it  is  first  necessary  to  identify  the  characteristics  of 
those  nuclear  weapons  which  might  be  used  in  an  attack.  Thus,  finite  levels 
of  thermonuclear  explosions  of  fixed  magnitudes  are  assumed  at  the  onset 


Superscript  numerals  in  parentheses  refer  to  references  listed  in  the 
bibliography  included  as  pages  6-1  to  6-4  of  this  report. 
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(4) 

of  the  study.  The  types  and  magnitudes  of  destructive  effects  '  1  resulting 
from  these  explosions  are  then  identified.  Finally,  the  behavior  of  structural 
elements  and  materials  in  an  environment  containing  these  weapons  effects 
is  analyzed. 

The  structural  design  of  a  buried  shelter,  and  hence  the  range  of 
usefulness  of  a  given  structural  material,  is  largely  controlled  by  dynamic 
explosion  effects.  These  consist  of  direct  ground  shock  close-in  to  the  » 
explosion  center,  and  ground  shock  initiated  by  air  overpressure  at  the 
ground  surface.  Excluding  direct  ground  shock  from  further  consideration, 
on  the  assumption  that  a  system  of  shock  isolation  will  be  provided  where 
this  effect  becomes  critical,  the  dynamic  load  on  a  buried  structure  is  then 
related  to  the  force-time  load  variations  induced  by  surface  overpressures, 
Simplified  theory  ^can  be  used  to  relate  the  magnitude  and  duration 

of  surface  overpressure,  the  type  and  depth  of  soil  above  a  buried  structure, 
and  the  effective  loading  on  a  structural  element  whose  elasto-plastic 
characteristics  are  specified.  The  duration  of  the  effective  loading  from 
megaton  yields  is  sufficiently  long,  in  comparison  with  the  natural  period' 
of  vibration  for  most  structural  elements,  that  the  size  of  weapon  need  no 
longer  be  treated  as  a  separate  variable.  By  introducing  this  simplification, 
a  generalized  analysis  becomes  feasible  since  the  design  loading  for  a 
structural  element  can  be  related  to  the  level  of  overpressure  without 
specifying  the  weapon  yields.  Finally,  for  the  depths  of  burial  associated 
with  shallow-buried  structures,  any  attenuation  of  peak  overpressures  due 
to  damping  within  the  cover  soil  is  considered  to  be  negligible.  The  peak 
dynamic  pressure  at  the  ground  surface  can  thus  be  taken  as  a  reasonable 
approximation  of  the  actual  loading  on  buried  structural  elements  due  to 
the  explosion  of  megaton  weapons.  This  dynamic  loading,  with  suitable 
modifications  based  on  the  elasto-plastic  characteristics  of  the  structural 
material  and  on  its  permissible  yield  deflections,  can  then  be  used  in 
estimating  the  resistance  which  a  structural  member  must  provide.  If 
subsequently  desired,  such  preliminary  designs  can  be  refined  by  introducing 
considerations  of  direct  ground  shock,  rise  and  duration  times  for  the 
pressure  wave  induced  in  the  ground  by  the  air  blast,  and  a  broad  category 
of  inadequately-understood  effects  described  as  "pressure  wave-soil-structure 
interactions 
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The  simplified  theory  of  blast  wave  loading  and  structural  re¬ 
sponse,  as  described,  is  applied  in  this  study  of  structural  materials. 
Megaton  weapons  are  assumed,  with  yields  from  one  to  100  MT  and  surface 
side-on  overpressures  of  10  psi  to  200  psi.  Structural  elements,  insofar  as 
their  component  material  properties  permit,  are  designed  to  resist  loading 
within  these  ranges.  As  an  intermediate  step,  these  elements  are  initially 
designed  for  uniformly-distributed  static  loadings.  Conversion  factors  are 
then  indicated  which,  within  the  assumptions  of  this  simplified  loading 
theory,  may  be  used  to  equate  the  anticipated  dynamic  loading  to  an  equiva- 
lent  static  resistance.  If  so  desired,  any  alternative  theory'  ’  '  relating 
dynamic  loading  to  equivalent  static  resistance  could  be  applied  with  equal 
simplicity. 

1 .  3  Methodology 

The  research  program  is  formulated  to  evaluate  the  suitability  of 
selected  structural  materials  for  use  in  underground  group  shelters.  The 
investigative  techniques  which  are  applied- in  meeting  thiB  objective  are 
described  briefly  in  this  section.  The  detailed  computations  resulting  from 
their  application  are  supplied  in  subsequent  chapters. 

After  some  initial  study,  it  was  concluded  that  material  perform¬ 
ance  could  most  usefully  be  evaluated  in  terms  of  "in-place"  costs.  Cer¬ 
tain  preliminary  qualifications  become  necessary,  however,  since  there 
is  no  unique  relationship  between  the  in-place  cost  of  a  structural  material 
and  the  contribution  which  it  actually  provides  to  total  structural  resistance. 
Structural  materials,  by  virtue  of  inherent  anisotropic  properties,  normally 
cannot  supply  equal  resistance  in  all  directions  to  applied  stress.  Analyses 
of  structural  materials  and  structural  elements  can,  of  course,  be  formu¬ 
lated  on  the  assumption  that' maximum  utilization  will  be  made  of  inherent 
material  strength  properties.  Such  analyses  are  primarily  of  academic 
interest,  unless  the  resultant  structural  forms  and  required  conditions  of 
loading  can  be  reconciled  with  actual  conditions  in  a  practicable  structure. 
Furthermore,  a  design  for  maximum  strength  utilization  will  not  in  itself 
ensure  minimum  cost,  since  incremental  costs  of  fabricating  an  optimum- 
strength  component  may  exceed  incremental  savings  in  material  costs. 
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When  actual  design  possibilities  are  analyzed,  involved  inter¬ 
relationships  are  generally  found  between  the  in-place  cost  for  a  particular 
structural  material  and  such  diverse  factors  as  exterior  and  interior  archi¬ 
tectural  layouts,  details  of  the  structural  system,  and  the  magnitudes  and 
distribution  of  applied  loads.  As  a  consequence,  unless  initial  stepB  are 
taken  to  evaluate  the  major  factors  influencing  structural  costs,  direct  com¬ 
parisons  of  in-place  costs  for  structural  materials  will  have  little  practical 
significance.  Analyses  in  this  latter  category  may  provide  a  useful  cost 
comparison  of  over-all  structural  designs,  but  are  of  limited  value  in  evalu¬ 
ating  the  absolute  merits  of  the  constituent  materials. 

These  general  concepts  are  applied  in  this  evaluation  of  structural 
materials.  Initial  assumptions  are  made  as  to  the  range  and  magnitude  of 
weapons  effects,  loading  distribution  on  the  buried  structures  and  control¬ 
ling  dimensions  for  interior  shelter  layout.  Subsequently,  subject  to  any 
restrictions  introduced  by  these  assumptions,  each  structural  material  is 
analyzed  for  a  range  of  possible  uses, 

Additional  study  limits  are  established  by  restricting  the  investi¬ 
gation  to  three  basic  shelter  configurations.  These  consist  of  the  rectangular 
single-story  cubicle,  the  horizontal  cylinder  or  associated  semi-circular 
arch,  and  the  sphere  or  associated  hemispherical  dome.  These  three  con¬ 
figurations  have  been  the  subjects  of  past  analytical  studies  and  of  limited 
field  testing^’  As  such,  they  constitute  a  valid  sampling  of  current 
concepts  in  shelter  design.  The  combinations  of  plane  and  curved  surfaces 
introduced  by  these  configurations  facilitate  the  rapid  comparison  of  a 
variety  of  structural  systems  and  elements.  By  comparing  the  costs  of  the 
several  design  alternatives,  the  most  favorable  "in-place"  cost  is  approxi¬ 
mated  for  each  structural  material. 

In  summary  format,  the  investiga.tive  techniques  for  this  study 
involve  the  following  steps: 

1)  The  program  is  planned  to  obtain  a  comparison  of  in-place 

structural  costs  for  "fully  buried"  group  shelters,  constructed 
from  selected  structural  materials.  The  shelters  so  consi¬ 
dered  are  assumed  to  be  located  at  "shallow"  depths  and  above  the 
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elevation  of  ground  ■water.  Weapons  yields  of  one  MT  to  10Q 
MT,  producing  side-on  surface  overpressures  of  10  psi  to 
200  psi  at  the  shelter  locations,  are  postulated  as  attack 
environments  for  analyses  of  structural  elements. 

2)  The  shelter  designs  considered  in  the  study  are  required  to 
satisfy  certain  criteria  pertaining  to  attack  environment  and 
conditions  of  use.  General  standards  adopted  for  interior 
layouts  are  described  in  Chapter  4. 

3)  Basic  shelter  configurations  are  selected  to  provide  reference 
frames  for  the  structural  material  evaluations.  These  con¬ 
figurations  consist  of  the  one-story  rectangular  cubicle,  the 
horizontal  cylinder  or  semi-circular  arch,  and  the  sphere 

or  hemispherical  dome. 

4)  The  explosion  effects  predicted  for  thermonuclear  yields  of 
one  MT  to  100  MT  have  been  examined  for  their  probable 
influence  on  the  structural  design  of  a  burled  shelter.  It  is 
concluded  that  the  minimum  depth  of  cover  over  a  shallow- 
buried  structure  may  be  controlled  either  by  the  requirement 
for  radiation  protection  or  by  the  criteria  established  for 
"full  burial".  Once  the  controlling  cover  requirements  are 
satisfied, j  however,  the  structural  design  of  any  specified 
buried  shelter  can  be  closely  related  to  the  air-blast  induced 
ground  pressure  at  the  structure  level.  Finally,  by  utilizing 
conventionalized  approximations  of  actual  loading  conditions, 
the  surface  overpressure  is  related  to  an  "equivalent"  uniform 
static  pressure  on  a  buried  structural  element.  Structural 
loading  is  thus  considered  to  be  a  direct  function  of  over¬ 
pressure,  irrespective  of  the  yield  of  weapon. 

5)  Assumptions  are  made  as  to  the  distribution  of  loading  on 

each  buried  shelter  configuration,  again  following  the  simplified 
loading  theories  proposed  by  other  writers  The 

effective  loads  on  a  fully-buried  cubicle  are  thus  considered 
to  act  normal  to  its  plane  surfaces.  The  full  surface  over¬ 
pressure  on  a  buried  cubicle  is  assumed  to  act  normal  to 
its  horizontal  surfaces,  while  the  normal  loading  on  its 
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vertical  aide  and  end  walls  is  taken  as  some  fraction  of  the 
vertical  loading.  The  actual  relation  between  the  horizontal 
and  vertical  loading,  for  a  given  shelter,  is  presumably 
dependent  upon  soil  properties  and  the  location  of  ground 

(3) 

water  with  respect  to  the  structure'  .  Singly  and  doubly 
curved  surfaces,  such  as  occur  in  the  arch  and  the  dome,  are 
assumed  to  be  axially- loaded  in  compression  at  incipient 
failure.  This  postulates  that  the  soil  adjacent  to  such  curved 
surface  will  restrain  the  various  possible  buckling  modes 
until  the  ultimate  compressive  strength  of  the  member  has 
heen  fully  developed.  The  possibility  of  minor  localized 
flexural  stresses  is  recognized/to  a  limited  extent;  by 
■  specifying  a  minimum  value  for  the  flexural  reinforcement 
in  concrete  compressive  members. 

6)  Feasible  structural  systems,  compatible  with  the  prior 
assumptions  as  to  type  and  pattern  of  loading  on  a  buried 
shelter,  are  identified  at  the  onset  of  the  study.  Possible 
structural  systems  are  classified  as  unframed,  partially 
framed,  or  fully  framed.  Structural  elements  associated 
with  each  framing  system  are  identified  and  described. 

Tables  1-i  and  1-2  provide  summaries  of  the  structural 
systems  and  elements  for  the  three  basic  shelter  configurations. 

7)  A  preliminary  selection  of  suitable  materials  is  made  by 
applying  the  generalized  criteria  described  in  Section  1.  2.  i. 
Static  and  dynamic  strength  properties  are  identified  and 
recorded  for  each  structural  material.  As  an  aid  in  this 
selection,  letters  were  prepared  and  mailed  to  28  representa¬ 
tive  material  producers  and  trade  organizations,  requesting 
any  relevant  information  pertaining  to  the  use  of  each 
material  in  a  blast- resistant  buried  shelter.  Fifteen  replies 
were  received,  nine  of  which  were  accompanied  by  some 
type  of  design  data. 

8)  Analyses  are  performed  for  each  suitable  use  of  a  structural 
material  in  a  structural  element.  Prior  assumptions  are 
used  to  identify  the  function  of  the  element  in  the  structural 
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TABLE  ljZ  STRUCTURAL  ELEMENTS  FOR  BURIED  SHELTERS 


Structural  Element 

Primary  Structural  Material 

Function  in  Structure 

Column  (axially- 
loaded  or  eccentri¬ 
cally-loaded) 

Rolled  steel  section,  rein¬ 
forced  concrete,  timber  post 

Primarily  to  resist 
vertical  loads,  possibly 
lateral  loads  in  addition. 
Used  in  partially-framed 
or  fully  framed  structure. 

Beam  or  beam 
column 

Rolled  steel  section,  rein¬ 
forced  concrete,  timber  beam 

Primarily  to  resist 
transverse  loads,  possibly 
axial  thrust  in  addition. 
UBed  in  partially- framed 
or  fully-framed  structure. 

Axially- loaded 
bearing  wall. 

Reinforced  concrete,  rein¬ 
forced  concrete  masonry  . 
units 

Primarily  to  resist  axial 
loads,  frequently  lateral 
loads  in  addition.  Used 
in  all  structural  systems. 

Eccentrically- 
loaded  bearing 
wall 

Reinforced  concrete 

Same  as  above,  except 
that  thrust  is  no  longer 
axial. 

One-way  slab, 
two-way  slab 

Reinforced  concrete 

Primarily  to  resist  trans¬ 
verse  loads,  possibly 
axial  thrust  in  one  or  two 
planes.  Used  for  roof, 
floor,  possibly  end  walls. 

Flat  slab 

Reinforced  concrete 

Primarily  to  resist  trans¬ 
verse  loads.  Used  with 
columns  in  a  partially- 
framed  structure. 

Singly- curved 

compression 

member 

Reinforced  concrete, 
corrugated  steel  plate, 
uniform-thickness  steel 
plate,  fiber-reinforced 
plastic 

Primarily  to  resist  axial 
thrust.  Used  as  shell  for 
arches  and  cylinders. 

Doubly- curved 
compre  s  sion 
member 

Reinforced  concrete, 
uniform-thickness  steel 
plate,  fiber-reinforced 
plastic 

Primarily  to  resist  axial 
thrust.  Used  as  shell  for 
dome  or  sphere. 
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TABLE  1  r 2  STRUCTURAL  ELEMENTS  FOR  BURIED  SHELTERS  (Cont'd) 


Structural  Element 

.Primary  Structural  Material 

Function  in  Structure 

Filler  panel 

Reinforced  concrete,  rein¬ 
forced  concrete  masonry 
units,  timber  sheathing 

Primarily  to  resist  lateral 
loading.  Spans  between 
framing  members  of  a 
fully-framed  structure 

Footings  (isolated 
and  continuous) 

Reinforced  concrete 

Transmit  wall'  or  column 
loads  to  soils.  Used  for 
all  structural  aystemB. 

Isolated  floor  slab 

Reinforced  concrete 

Supports  conventional 
floor  loading.  Used  when 
exterior  loads  are  carried 
by  footings. 
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system,  the  pattern  of  loading  on  the  structure,  and  the 
magnitude  of  load  from  each  postulated  weapon  yield.  Con¬ 
trolling  failure  modes  are  identified  for  each  UBe  and  each 
material,  and  generalized  strength  equations  are  formulated. 

9)  Estimates  are  made  of  the  in-place  cost  for  each  structural 
element.  These  costs  are  then  analyzed  for  each  assumed 
condition  of  use^,  to  identify  the  major  parameters  which  in¬ 
fluence  structural  cost.  In  specific  examples,  generalized 
cost  equations  are  formulated  and  minimized  to  establish 
least- cost  design  relationships.  In  other  cases,  repetitive 
trial  solutions  are  used  to  approximate  these  least-cost 
relationships. 

10)  Weapons  effects/other  than  overpressure,  which  are  associated 
with  one  MT  to  100  MT  thermonuclear  weapons  and  levels  of 
side-on  surface  overpressure  in  the  100  psi to  200  psi  range, 
have  also  been  studied.  The  most  important  of  theBe  remaining 
effects,  from  the  viewpoint  of  structural  design,  is  the  total 
nuclear  radiation  associated  with  each  weapon  yield.  Accord¬ 
ingly,  a  maximum  effective  dose  of  50  R  and  a  two-week 
shelter  stay  are  postulated  for  design  purposes.  Approximate 
relationships,  giving  consideration  to  time-decay  of  radiation 
intensity  and  to  distance  from  the  radiation  source,  are  used 

to  obtain  estimates  of  initial  and  fallout  radiation  for  various 
weapon  yields  '  .  The  shelter  surface  is  then  approximated 

as  a  plane  shield  exposed  to  radiation  energy,  and  its  .required 
mass  calculated  for  each  size  of  weapons.  This  mass  require¬ 
ment,  for  fixed  levels  of  overpressure,  is  expressed  as  an 
equivalent  depth  of  earth  cover  (see  Chapter  4).  The  equivalent 
earth  depth  can,  with  reasonable  accuracy  for  this  study,  be 
related  solely  to  overpressure  level. 

11)  Alternative  interior  layouts  for  each  basic  configuration  of 
shelter  are  then  examined.  Each  layout  provides  space  for 
100  men  and  meets  specific  criteria  as  to  minimum  interior 
dimensions,  required  bunk  and  aisle  areas,  and  requirements 
for  operational  space.  A  few  preliminary  calculations  usually 
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serve  to  indicate  the  relationships  between  interior  layout 
and  structural  costs  which  exist  for  given  shelter  configurations 
and  structural  systems.  By  this  procedure,  the  interior  lay¬ 
out  associated  with  minimum  structural  cost  can  be  identified 
for  each  practicable  combination  of  structural  material, 
shelter  configuration  and  attack  environment.  The  selection 
of  layouts  is  guided,  to  a  considerable  extent,  by  the  findings 
of  recent  investigations  of  optimum  shelter  design 

12)  The  in-place  structural  costs  are  estimated  for  entire 
shelters.  The  shelters  (whose  designs  are  based  on  the 
minimum-cost  studies)  are  synthesized  from  the  structural 
elements.  By  an  iterative  process,  considering  a  range  of 
equivalent  static  loads,  trends  in  relative  shelter  costs  are 
identified  and  minimum  structural  costs  are  determined. 

13)  The  cost  studies  identify  those  combinations  of  structural 
materials,  framing  system  and  shelter  configuration  which 
will  result  in  minimum  structural  cost  at  each  level  of 
loading.  Structural  materials  of  significant  importance  in 
shelter  construction  are  thus  identified.  A  review  of  the 
historical  availability  of  these  materials  is  included ,  with 
limited  projections  as  to  their  probably  future  availability. 

1.  4  Limitations  of  the  Study 

The  objective  of  this  study  is  an  evaluation  of  structural  materials 
in  group  shelters.  This  evaluation  is  performed  by  postulating  conditions  of 
use  for  each  material,  and  comparing  materials  on  the  basis  of  their  in-place 
coats.  The  investigative  techniques  require  the  preparation  of  preliminary 
designs  and  coBt  estimates,  ThiB  estimating  process,  for  any  type  of  pro¬ 
posed  construction,  will  necessarily  involve  a  degree  of  uncertainty.  How¬ 
ever,  the  limitations  which  are  discussed  in  this  section  are  not  related  to 
statistical  variations  in  material  properties  nor  to  the  inherent  variations 
of  competitive  bidding.  Neither,  without  attempting  to  minimize  the  possible 
importance  of  such  uncertainties,  do  these  limitations  refer  to  variations 
between  actual  weapon  parameters  and  those  assumed  for  analysis.  Rather, 
the  inherent  limitations  of  the  study  are  considered  to  include  the  following: 
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1)  The  estimated  shelter  costs,  and  consequently  any  conclusions 
drawn  therefrom,  pertain  only  to  the  structural  portions  of 
buried  group  shelters.  Items  such  as  blast  closures  and 
fittings,  mechanical  ventilation  equipment,  communications 
and  monitoring  devices,  etc.  ,  are  not  included  in  the  cost 
studies.  Their  cost,  which  will  constitute  a  significant 
portion  of  total  shelter  costs,  may  be  strongly  influenced  by 
shelter  layout,  shelter  configuration  or  structural  material 
properties.  If  such  is  actually  the  case,  any  conclusions 
based  only  on  structural  costs  will  prove  misleading  if. 
directly  extrapolated  to  total  shelter  costs.  This  suggests 
the  need  for  evaluations  of  total  shelter  costs,  perhaps  by 
extending  the  techniques  used  herein. 

2)  Current  understanding  of  blast  wave  soil -structure  interaction 
is  in  a  rudimentary  stage.  The  simplified  theory  used  in 
this  study  assumes  that  the  surface  overpressure  initiates 

a  ground  wave  which  advances,  essentially  without  attenuation 
due  to  its  passage  through  the  soil,  until  it  uniformly  engulfs 
a  buried  structure.  The  assumed  loading  on  the  structure  is, 
to  a  limited  extent,  related  to  the  elastic  and  plastic  yield 
characteristics  of  the  structural  materials.  In  essence, 
however,  it  is  assumed  that  the  structure  responds  to  a 
uniform  dynamic  load  which  is  equal  to  the  peak  side-on 
surface  overpressure.  More  complex  analyses  recognize 
the  transient  nature  of  the  structural  loading,  but  their 
application  generally  results  in  structural  designs  which 
are  very  similar. to  those  obtained  by  the  simplified  methods, 

In  actuality,  however,  the  load  reaching  a  buried  structure 
must  be  transmitted  through  the  surrounding  soil.  If  failure 
of  the  buried  structure  requires  the  continued  application  of 
load  through  some  finite  displacement,  the  structure  and  the 
surrounding  soil  must  act  in  combination  to  sustain  loads. 

The  extent  to  which  their  combined  strength  will  exceed  the 
strength  of  the  structure  alone  will  be  dependent  upon  their 
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relative  stress-strain  properties  and  upon  their  absolute 
strengths. 

The  analyses  used  in  this  study  follow  conventional  pro¬ 
cedures  by  assuming  that  the  buried  structure  must  be  designed 
to  resist  surface  loading,  without  significant  strength  contribution 
from  the  soil.  It  is  thus  structural  strength,  as  distinct  from 
soil- structure  strength,  which  is  recognised  in  the  evaluation 
of  material  coats  and  of  shelter  designs,  A  better  under¬ 
standing  of  the  problem,  however,  might  indicate  that  the 
important  feature  is  potential  soil- structure  strength,  rather 
than  structural  strength  alone  (See  Appendix  A  to  this 
report), 

To  illustrate  this  point,  assume  that  a  shelter  is  to  be 
designed  as  a  cylinder,  fully-buried,  with  its  longitudinal 
axis  placed  horisontally.  Conventional  analyses  will  assume 
that  the  structure  supports  a  uniform  radial  load  prior  to 
failure.  The  material  in  the  structure  will  accordingly  be 
designed  to  resist  direct  compression,  probably  with  some 
minor  provisions  for  localised  flexural  Btresses.  Structural 
steel  and  reinforced  concrete, which  are  typical  of  the  suitable 
structural  materials  for  this  application,  will  then  be  compared 
on  a  cost  basis.  The  difference  between  the  in-place  cost  for 
these  materials  will  be  such'  that,  even  after  design  recognition 
has  been  given  to  the  ability  of  the  steel  to  tolerate  large 
strains,  the  reinforced  concrete  structure  will  probably  have 
the  lower  in-place  cost.  If  it  were  possible  to  include  the 
soil  contribution  to  total  resistance  in  the  evaluation,  however, 
it  is  entirely  possible  that  a  different  conclusion  might  be 
reached,  The  inherent  flexibility  of  the  steel  structure  would 
favor  its  use  in  a  soil  which  could  mobilize  a  large  measure 
of  strength  at  high  strains.  Conversely,  if  the  soil  were  such 
that  its  shearing  strength  became  less  at  large  strains,  the 
rigidity  of  the  concrete  structure  would  prove  advantageous. 

The  inability  to  idintify  the  possible  contributions  of  soil 
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strength  must,  by  inference,  almost  certainly  result  in  mis¬ 
leading  evaluations  of  required  structural  resistances  and  of 
actual  loads  in  blast-loaded  buried  structures.  While  this 
lack  of  knowledge  will  generally  encourage  the  over-design 
of  such  structure^  the  margin  of  design  safety  which  is  thus 
provided  will  not  be  consistent.  Rather,  as  implied  by  the  pro¬ 
ceeding  discussion,  it  may  be  strongly  dependent  upon  the 
soil  properties  and  the  soil  interaction  with  the  buried  structure. 

3)  Minimum -cost  designs  are  prepared  for  a  variety  of  structural 
elements  and  structural  materials.  These  elements  are  combined 
to  form  shelters  of  specified  layouts  and  configurations.  Estimates 
are  made  of  the  total  structural  cost  for  each  shelter.  Since 

the  initial  choice  of  shelter  configurations  is  admittedly  ar¬ 
bitrary,  there  remains  the  possibility  that  some  optimum  com¬ 
binations  of  Structural  materials  and  shelter  configurations 
are  not  considered  in  the  study.  Conceivably,  there  could  be 
other  configurations  where,  within  some  finite  range  of  design 
conditions,  the  structural  materials  considered  in  this  study 
could  be  utilized  more  economically.  There  could  also  be 
other  structural  materials  which,  either  for  the  configurations 
considered  herein  or  for  some  entirely  different  configuration, 
would  be  economically  preferable.  It  seems  unlikely,  however, 
that  the  conclusions  reached  in  this  study  would  be  significantly 
altered. 

4)  The  structural  elements  are  designed  for  minimum  cost  and 
subsequently  combined  in  a  variety  of  ways  to  form  100 -man 
capacity  shelters.  Interior  layouts  which  satisfy  specific 
operational  criteria  at  least  structural  cost  are  used  in  the  cost 
analyses  of  each  shelter  configuration.  The  structural  costs 
for  each  shelter,  when  expressed  in  terms  of  design  occupants, 
are  strongly  dependent  upon  the  interior  layout.  Thus,  the 
validity  of  the  criteria  used  in  developing  these  layouts  becomes 
a  matter  of  concern. 
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5)  There  is  a  distinct  possibility  that  the  100-man  capacity 
shelter  selected  for  detailed  study  is  not  the  optimum  size 
for  maximum  structural  economy.  It  should  not  be  assumed 
that  the  cost  relationships  which  are  developed  for  this  size  of 
buried  structure  must  necessarily  remain  valid  if  other  sizes 
of  shelters  .are  considered.  Expres sed  another  way,  minimum 
structural  costs  are  analyzed  in  this  study  for  specific  shelter 
configurations  which  are  designed  to  accomodate  a  fixednumber 
of  occupants.  Minimum  structural  costs  are  not  analyzed  for 
these  same  configurations  for  cases  where  the  design  occupancy 
is  itself  treated  as  a  variable.  Such  studies  would  obviously  be 
desirable  and,  following  the  procedures  described  in  Chapter  4, 
could  readily  be  performed. 

6)  The  generality  of  this  study  is,  by  initial  definition,  restricted 
to  fully-buried  shelters  which  are  located  entirely  above  the 
ground  water  table.  It  is  recognized  that  these  restrictions^ 
certain  areas  of  the  country,  will  severely  limit  the  applica¬ 
bility  of  the  study  findings.  An  obvious  problem  arises  in 
areas  where  the  permanent  ground  water  table  is  at  or  near  the 
ground  surface.  Possible  alternatives  to  full  burial  in  such  a 
situation  may  include  relocation  to  more  favorable  topography 
or  use  of  "partially-buried"  or  above-ground  construction. 
Frequently,  the  first  of  these  alternatives  is  logistically  im¬ 
practicable.  Site  limitations  in  congested  urban  areas  may 
also  make  it  impracticable  to  obtain  sufficient  space  to  use 
"partially-buried"  construction.  For  such  cases,  if  the  design 
overpressure  is  of  a  magnitude  such  that  earth  protection  for 

the  structure  becomes  essential,  the  shelter  must  be  placed  below 
ground  and  designed  to  remain  water-tight  at  all  times.  Such  a 
requirement,  by  introducing  major  design  complexities,  will 
result  in  increased  construction  costs. 

7)  The  structural  materials  are  evaluated  by  a  procedure  which 
relates  their  in-place  cost  to  their  ability  to  withstand  loading. 
Implicit  recognition  has  also  been  given  to  their  effectiveness 
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in  attenuating  nuclear  radiations.  This  latter  effect  has  little 
influence  on  costs,  however,  particularly  at  the  higher  over¬ 
pressure  levels. 

There  is  a  remote  possibility,  not  considered  in  this  study, 
that  thermal  considerations  could  influence  the  selection  of 
structural  materials  for  use  In  a  buried  shelter.  Two  possible 
situations  are  visualized.  First,  if  a  fire  storm  were  to  occur 
above  a  buried  shelter,  heat  transmission  through  the  cover  soil 
might  cause  critical  damage  to  the  shelter  structures,  This 
possibility  is,  for  many  reasons,  considered  to  be  improbable. 
Next,  several  studies  have  suggested  that  temperature  rise 
within  the  shelter,  due  to  heat  released  from  its  occupants  and 
equipment,  will  constitute  a  controlling  design  condition.'  ‘  ’  Heat 
is  removed  from  the  shelter  by  circulation  of  air  and  by  conduction 
through  the  shelter  surfaces  to  the  surrounding  soil.  It  is  possible 
that  the  substitution  of  structural  materials  with  improved  thermal 
transmission  properties,  even  if  accomplished  at  increased 
structural  costs,  might  on  occasion  be  justified  by  a  reduction  in 
the  cost  of  mechanical  cooling  equipment.  Such  a  possibility  is 
not  considered  in  this  study. 

1,  5  Possible  Uses  for  Study  Findings 

Two  general  categories  of  use  are  visualized  for  the  findings  reported 
herein.  The  relationships  between  structural  cost  and  level  of  protection  will 
be  of  immediate  use  in  the  broad  aspects  of  passive  defense  and  of  shelter 
planning.  The  structural  cost  of  providing  a  quantity  of  100-man  capacity 
shelters  which  meet  some  specified  level  of  "hardness"  can,  by  introducing 
regional  cost  adjustments,  be  readily  determined  from  the  tables  and  graphs 
contained  in  this  report.  The  additional  structural  cost  which  would  result 
from  an  increase  in  this  specified  hardness  level  can  be  determined  in  similar 
fashion.  The  desirability  of  extending  these  studies  to  include  all  shelter  com¬ 
ponents  is  apparent,  since  planning  projections  could  then  be  based  on  total 
shelter  cost  rather  than  on  structural  cost  alone.  Also,  consideration  of 
shelter  sizes  other  than  100-man  capacity  considered  herein  would  permit  a 
greater  measure  of  flexibility  in  planning  projections. 
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The  relationships  between  coat,  configuration  and  design  loading, 
,as  developed  herein,  will  be  of  value  when  selecting  the  optimum  shelter 
structure  for  a  particular  location  and  function.  As  detailed  design  proceeds, 
reference  may  be  made  to  the  analytical  equations  which  are  supplied  for 
the  major  structural  elements.  In  several  cases,  where  the  manual  solution 
of  an  analytical  equation  would  become  time-consuming,  repetitive  solutions 
are  obtained  and  tabulated  by  computer  methods.  The  analytical  equations 
are  accompanied  by  cost  equations  or  expressions  which,  when  translated 
into  current  local  costs,  will  serve  as  an  excellent  guide  to  the  proper  com¬ 
bination  of  materials  for  minimum  structural  costs, 
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CHAPTER  2  STRUCTURAL  MATERIALS 


2.  1  Materials  And  Their  Properties 
2,11  Structural  Steel 

Structural  steel  is  analyzed  as  an  elasto-plaatic  material  which 
obeys  Hooke's  Law  up  to  some  defined  yield  point,  and  subsequently  deforms 
at  constant  stress  through  a  plastic  range.  The  stress  value  corresponding 
to  its  yield  point  will,  for  static  conditions  of  loading,  be  dependent  upon 
the  material  constituents  of  the  steel  and  upon  the  method  by  which  the  steel 
is  processed  and  fabricated  into  structural  shapes.  Investigations  have 
shown  that  the  yield  stress  for  structural  steel  becomes  greater  at 

increased  rates  of  load  application,  although  the  modulus  of  elasticity  ,  E  , 
remains  essentially  constant.  Based  on  these  earlier  findings,  it  is  proposed 
that  dynamic  yield  stresses  for  low  carbon  steels  in  flexure  and  in  direct 
tension  or  compression  be  taken  as  i.  25  times  the  comparable- yield  stresses 
for  static  loading.  The  dynamic  shear  yield  stress  will  be  taken  as  0.6  times 
the  dynamic  tension  yield  value. 

The  ability  of  steel  to  deform  plastically,  without  any  appreciable 

variation  in  yield  resistance  during  its  plastic  range,  becomes  of  importance 

in  the  design  of  blast- resistant  structures.  The  use  of  steels  with  limited 

ductility,  such  as  may  be  occasioned  by  heat  treating  or  by  a  high  carbon 

(5) 

content,  should  thus  be  viewed  with  caution'  ' ,  Particular  care  is  required 
at  welded  connections  and  at  stress  concentrations  adjacent  toibolt  and  rivet 
holes  if  brittle  fractures  are  to  be  ayoided.  Tables  2-i  and  2-2  list  represen¬ 
tative  structural  steels  and  proposed  values  for  their  yield  stresses  when 
loaded  at  rates  commensurate  with  blast  loading. 

2.  12  Steel  Reinforcing  Rod 

The  requirements  for  structural  steels  in  blast-loading  applications 

are,  in  general,  equally  applicable  to  reinforcing  steels.  Table  2-3  lists 

standard  types  of  reinforcing  bars  an^  their  corresponding  static  yield 

(13) 

stresses,  as  set  forth  in  current  ASTM  standards'  .  An  increase  in  yield- 
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ASTM  A -440  is  not  recommended  for  welding 


KINDS  AND  GRADES  OF  REINFORCING  BARS  AS  SPECIFIED  IN  ASTM  STANDARDS 
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(1)  For  base  sizes  of  deformed  bars.  See  specifications  for  adjustment  for  small  large  sizes  and 
for  values  for  plain  bars. 

(2)  d  diameter  of  pin  around  which  specimen  is  to  be  bent,  and  t  nominal  diameter  of  specimen. 
Values  shown  are  for  deformed  bars.  See  specifications  for  values  for  plain  bars. 

(3)  Designated  by  specification  title  and  number. 


point  stresses  over  static  values  can  be  anticipated,  particularly  for  low- 
car'uuu  steels,  as  a  consequence  of  the  rapid  application  of  load. 

Four  levels  of  dynamic  yield  strengths,  -  44,  000,  52,  000,  60,  000 
and  75, 000  psi,  -  are  considered  in  this  study.  The  44,  000  and  52,  000 
dynamic  yield  strength  steels  correspond  to  static  yield  strengths  of  40,  000 
and  50,  000  psi  respectively.  No  dynamic  yield  strength  increase  is  assumed 
for  the  60,000  psi  (ASTM  432)  or  75,000  psi  (ASTM  431)  steels  since  the 
ductile  properties  of  these  steels  may  restrict  their  full  use.  The  full 
continuity  of  all  types  of  reinforcing  steel  should  he  ensured  by  adequate 
lapping  and  by  welding.  Shear  reinforcement  for  flexural  members,  where 
required,  should  be  placed  normal  to  the  bending  axis.  Members  with  both 
top  and  bottom  steel,  adequately  tied,  will  have  greater  ductility  than  singly- 
reinforced  members  with  the  same  quantity  of  positive  reinforcement,  hence 
are  favored  for  blast-resistant  design.  Such,  members  are  described  as 
"doubly  reinforced,  11  although  the  quantities  of  reinforcement  steel  in  top  and 
bottom  need  not  be  the  same. 

2.  13  Structural  Concrete 

Tests  have  shown  that  the  ultimate  strength  of  structural  con¬ 
crete  becomes  greater  at  increased  rates  of  loading.  Thus,  for  analyses  of 
buried  shelters  exposed  to  blast  loading,  the  dynamic  compressive  strength 
of  the  concrete  is  taken  as  1.25  times  its  comparable  static  strength.  This 
strength  increase  is  assumed  applicable  to  axially  and  eccentrically -loaded 
compression  members .  However,  lacking  definitive  test  data,  the  dynamic 
strengths  of  structural  concrete  in  its  shearing  modes  are  equated  to  the 
comparable  static  values.  Thus,  as  indicated  in  the  design  equations  of 
Chapter  3,  the  design  of  a  concrete  flexural  member  is  based  on  the  static 
ultimate  strength  of  the  concrete.  The  unit  bond  strength  of  deformed  bars 

in  reinforced  concrete,  under  conditions  of  dynamic  loading,  is  taken  as  0.15 

(2) 

£'  as  proposed  in  earlier  studies.  ' 

A  range  of  concrete  static  compressive  strengths  from  2000  psi 
to  6000  psi  is  examined  in  this  study,  thus  permitting  an  evaluation  of  the 
influence  of  concrete  strengths  on  estimated  in-place  costs. 

2.14  Masonry  Units 

The  suitability  of  masonry  units  for  the  application  considered 
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in  this  Btudy  is  primarily  related  to  the  compressive  strength  of  the  material. 
Handbooks  and  test  reports  supply  widely  different  values  for  the  compressive 
strength  of  masonry.  The  size  of  the  specimen  tested,  the  type  of  workman¬ 
ship,  the  mortar,  and  the  masonry  strength  itself  are  found  to  be  of  major 
importance,  It  is  frequently  observed  that  the  crushing  strength  of  masonry 
material  will  range  between  500  psi  and  4000  psi, 

In  general,  the  modulus  of  elasticity  for  the  masonry  increases 
almost  linearly  with  the  compressive  strength  up  to  some  limiting  value, 
beyond  which  the  modulus  of  elasticity  may  remain  almost  constant. 

The  selection  of  a  proper  value  of  a1  for  a  masonry  material, 

cm 

where  e'cm  is  the  strain  associated  with  the  crushing  strength  f1  , 
requires  a  knowledge  of  the  stress-strain  relationships  for  the  material 
considered.  This  can  best  be  obtained  from  a  compressive  loading  test  on 
the  material. 

Reinforced  concrete  masonry  units  of  standard  4",  6",  8"  and  12" 
sizes  will  be  studied  in  some  detail.  These  units  will  be  connected  with 
steel  reinforcing  rod,  grouted  securely  in  place.  They  will  be  placed  in 
the  structure  bo  as  to  resist  compressive  loading,  as  in  an  axially-loaded 
or  eccentrically-loaded  bearing  wall,  or  to  resist  lateral  loads  as  a  wall 
panel  whose  deformation  is  constrained  by  its  framing  beams  and  columns^’  1  ^ 
The  yield  strength  for  the  reinforced  block  is  assumed  to  have  a  constant  value 
of  1000  psi  for  both  static  and  dynamic  loading. 

2.  15  Structural  Timber 

The  analytical  equations  of  Chapter  3  are  presented  in  general 
forms,  and  hence  can  be  applied  to  all  types  of  structural  plywood  and  timber. 

The  conventional  working  stresses  for  these  materials,  as  listed  in  standard 

(171819)  i 

reference  sources'  *  ’  ,  can  be  converted  directly  to  dynamic -Loading 

yield  stresses  by  applying  a  derived  conversion  factor.  In  obtaining  this 

factor,  the  following  influences  were  recognized^^. 

(a)  Effect  of  reducing  load  duration  from  permanent  to  blast 
duration  is  to  increase  conventional  working  stresses  by  a 
factor  of  2. 13, 

(b)  Effect  of  removing  the  assumed  factor  of  safety  is  to  increase 
conventional  working  stresses  by  a  factor  of  1.67. 
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(c)  Effect  of  accepting  some  inherent  variability  in  strength 
properties,  thus  acknowledging  a  probability  of  failure  under 
design  loading  in  some  small  percentage.  (  £  16%)  of  the 
members,  is  to  increase  the  conventional  working  stresses 
by  a  factor  of  1.  13.  This  latter  increase  however,  should 
not  be  applied  to  rolling  shear  in  structural  plywood. 

(d)  'Net  effect,  excluding  rolling  ehea.r  in  structural  plywood,  is 
to  increase  conventional  working  stresses  in  structural  timber 
by  2.  13  x  1.67  x  1.  13  =  4.02.  A  factor  of  four  is  therefore 
used  to  convert  conventional  timber  working  BtresBcs  to  pre¬ 
dicted  yield  stresses  under  dynamic  loading. 

2.  16  Stabilized  Earth 

The  earth  which  surrounds  a  buried  shelter  may  itself  be  analyzed 
as  a  construction  material  of  finite  strength.  Surface  loading  from  an  ad¬ 
vancing  blast  wave  must  be  transmitted  through  the  soil  to  a  buried  structure. 
Hence,  to  whatever  degree  their  strengths  are  simultaneously  developed, 
the  buried  structure  and  the  earth  which  surrounds  it  will  act  in  Unison  to 
resist  the  applied  loading.  An  exact  interpretation  of  this  interaction, 
presumably,  would  involve  a  detailed  consideration  of  stresses  and  strains 
in  the  soil  and  of  forces  and  displacements  for  the  structure. 

Unfortunately,  while  this  general  concept  is  reasonably  clear, 

our  knowledge  of  blast  wave -soil- structure  interaction  is  extremely  limited. 

(2  3) 

As  a  result,  the  current  design  practice'  '  '  is  to  attribute  little  or  no 

.resistance  to  the  soil.  It  seems  certain  that  such  a  simplification  will,  in 
many  instances,  result  in  an  unknown  degree  of  over-design  for  the  structure. 
Limited  experimental  tests  have  been  performed  in  this  area,  including  some 
performed  in  connection  with  this  study  (see  Appendix  A),  and  all  experimental 
results  tend  to  confirm  the  importance  of  further  investigations. 

If  it  were  possible  to  evaluate  the  importance  of  soil-strength  in  a 
soil-structure  exposed  to  a  blast  environment,  it  would  then  become  possible 
to  evaluate  the  economic  merits  of  soil  stabilization.  Such  types  of  soil 
stabilization  as  increased  compaction,  mixtures  of  soils,  chemical  additives, 
addition  of  bituminous  or  Portland  cement,  electrolysis,  etc.  could  be 
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compared  in  terms  of  cost,  effectiveness,  and  permanence.  In  our  present 
state  of  knowledge,  however,  it  does  not  seem  appropriate  to  supply  definitive 
comments  as  to  the  economic  desirability  of  soil  stabilization  in  buried- 
sheltcr  construction. 

2.  17  Fiber- Reinforced  Plastics  (FRP) 

Plastic  structural  shapes,  reinforced  with  glass  fibers,  are  of 
growing  interest  for  specialized  structural  applications.  Their  strength-to- 
weight  ratios,  in  comparisons  with  other  structural  materials,  are  found  to 
be  favorable  for  selective  usee.  Their  strength-to-cost  ratios  are  less 
readily  evaluated  for  comparison  with  better  known  structural  materials, 
since  an  adequate  basis  for  the  projection  of  FRP  in-place  costs  is  lacking. 

While  the  fiber-reinforced  plastics  are  of  structural  interest  and 
may  be  of  eventual  significance  in  buried- shelter  construction,  it  is  felt 
that  the  lack  of  definitive  data  relating  to  their  structural  behaviour  and  in- 
place  cost  should  preclude  their. direct  comparison  with  other  structural 
materials.  Accordingly,  a  discussion  of  fiber- reinforced  plastics  is  included 
as  Appendix  B,  rather  than  in  the  body  of  the  report.  The  cost  relationships 
which  are  discussed  in  this  Appendix  are  relative ,  and  are  only  valid  when 
comparing  the  different  types  of  reinforced  plastic. 

2,2  In-Place  Unit  Costs 

2.21  Introduction 

In-place  cost,  as  explained  in  Section  1.  3,  is  used  as  the  basis 
for  comparing  structural  materials  in  buried  shelters.  The  validity  of  the 
cost  data  thus  becomes  of  major  importance.  The  costs  used  herein  are 
representative  of  early  1963  prices  in  the  Chicago  Metropolitan  Area,  as 
obtained  from  material  suppliers  and  various  other  sources^2*’  22, 

In  this  context,  the  term  "in-place  cost"  is  defined  to  include  all  necessary 
material,  equipment  and  labor,  as  normally  supplied  by  a  general  contractor 
when  executing  a  competitively-awarded  construction  contract.  The  cost  of 
the  basic  structural  material  is  included,  plus  any  fabrication  costs,  plus 
transportation  and  erection  charges.  To  their  cumulative  total  an  additional 
40%  is  added  as  an  allowance  for  job  overhead,  general  overhead,  and  profit. 
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The  "in-place  costs"  thus  include  a  provision  for  contractor's  general  over¬ 
head,  job  overhead,  and  profit.  They  do  not,  however,  include  any  allow¬ 
ance  for  Architect-Engineer  services  in  preparing  preliminary  designs, 
developing  working  drawings  and  bidding  documents,  and  supplying  general 
construction  supervision.  The  unit  costs  also  exclude  site  acquisition  and 
preparation,  charges  incurred  by  various  government  agencies  during  the 
implementation  and  performance  of  the  construction,  or  any  contract  ex¬ 
penses' not  directly  allocable  to  the  structural  portion  of  a  shelter. 

2.  22  Structural  Steels 
(a)  Rolled  Structural  Shapes 

Table  2-4  ' 

IN-PLACE  COSTS  OF  ROLLED  STRUCTURAL  STEEL  SHAPES, 
DOLLARS  PER  POUND  {X  =  $/lb)* 

Dynamic 


Yield  Stress, 
^dy,  psi 

Wide -Flange 
Sections 

I-Beam 

Sections 

44, 000 

0.  183 

0.  188 

52,000 

0.  199 

0.  204 

60,000 

0.  202 

0.207 

(b)  Uniform-Thickness  Plate,  Curved 


Table  2-5 

IN-PLACE  COSTS  OF  UNIFORM-THICKNESS  CURVED  STEEL  PLATE, 
DOLLARS  PER  SQUARE  FOOT  OF  CURVED  SURFACE  (Xg  -  $/sq  ft) 


Thickness 
of  Steal 
Plate,  in. 

Singly  -  Curved  Plate 

Doublv-Curved  Plate 

fdy  ~ 
44, 000 
psi 

fdy 

60, 000 
psi 

fdy 

100, 000 
psi 

fdy 

44, 000 
psi 

•^dy 

60, 000 
psi 

^dy 

100/000 

psi 

1.  00 

14.  35 

15.  75 

20.  60 

20.  00 

21. 65 

25.  70 

0.  75 

10.  20 

11.  25 

14,  45 

13.  37 

14.  60 

18.  20 

0.  50 

6.  08 

6.  70 

8.  90 

8.  22 

8.  95 

1 1 . 40 

0.  25 

3.  21 

3,  53 

4.  45 

4.  45 

4.  84 

5.90 

See  page  3-3  for  description  of  (X^)  cost  factor  notation 
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(c)  Corrugated  Steel  Plate,  Single -Curvature 


Table  2-6 

IN-PLACE  COST  OF  SINGLE- CURVATURE  CORRUGATED  STEEL  PLATE, 
DOLLARS  PER  SQUARE  FOOT  OF  CURVED  SURFACE  (Xg  a  $/sq  ft) 


Gage  No. 

fdy" 

44,  000 
psi 

fdy~ 
60,  000 
psi 

12 

2.  84 

3.  30 

10 

2.  94 

3.  43 

8 

3.  18 

3.  70 

7 

3.  33 

3.  88 

5 

3.  75 

4.  40 

3 

4.  10 

4.  80 

1 

4.  32 

5.05 

2,23  Steel  Reinforcing  Rod 

Table  2r7 


IN-PLACE  COST 'OF  STEEL  REINFORCING  ROD, 
DOLLARS  PER  CUBIC  FOOT  OF  STEEL  (Xs  a  $/ft  ) 


Structural 

Elements 

Flexural  and 
Temperature  Steel 

Shear  Reinforcement 
(Vertical  Stirrups) 

V44-600 

to  60,  000  psi 

rr= 

dy 

75,  000  psi 

f  =  44,  000 

dy 

to  60,  000  psi 

f  ,  a 
dy 

75,  000  psi 

Slabs,  beams 
columns, 
walls,  foun¬ 
dations 

Shells 

} 

78.  8 

85,  8 

85.  8 

100.  5 

92.  5 

Not 

Applicable 

100,5 

Not 

Applicable 

2.  24  Structural  Concrete 

The  estimated  in-place  costs  for  structural  concrete  are  based  on 
a  ready-mix  concrete  which  is  hauled  within  the  radius  of  the  Chicago  Metro¬ 
politan  Area.  If  bucket  placement  is  required  for  all  structural  elements, 
the  costs  shown  for  chuted  concrete  should  be  increased  by  five  cents  per 
cubic  foot. 
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Table  2-8 


IN-PLACE  COST  OF  READY-MIX  CONCRETE  , 
DOLLARS  PER  CUBIC  FOOT  OF  CONCRETE  (Xc  =  $/ft  ) 


Ultimate  Static 
Strength  of  ^ 

Concrete,  f'^,  psi 

Chute  Placed 

Bucket  Placed 

Slabs  and  Beams 

Foundation 

Walls,  Columns 
and  Shells 

2000 

1.09 

- 

1.  00 

3000 

1.  14 

1.05 

4000 

1.21 

1.  08 

1..13 

5000 

1.  29 

1.  16 

1. 21 

6000 

1.  37 

1.  25 

1. 30 

Note  that  walla,  columns  and  ahella  are  designed  on  the  basis  of  the 
dynamic  ultimate  strength  f,  ,  rather  than  the  static  ultimate  strength 

f'  .  The  conversion  is  f'  -  cl.  25  f'  for  all  concrete  strengths, 
c  do  c  ° 

2.  25  Concrete  Forms 

The  unit  costs  for  forms,  as  indicated  in  Table  2-9,  are  based  on 
a  minimum  of  two  uses  of  the  form  material.  Form  work  costs,  at  their 
best,  are  still  the  least  dependable  of  the  values  quoted  in  this  section. 

The  cost  of  form  work  may  vary  more  than  200%  on  identical  structures, 
depending  on  the  contractor's  ingenuity  and  ability  to  organize  and  super¬ 
vise  this  phase  of  construction. 


Table  2-9 

IN-PLACE  COST  OF  CONCRETE  FORMS, 

DOLLARS  PER  SQUARE  FOOT  OF  CONCRETE  SURFACE  <Xf  =  $/sq  ft) 


Type  of  Use 

Cost  of  Form  Work 

Dollars  per  Square  Foot 

Slabs  and  Beams 

0,  88 

Walls  and  Rectangular  Columns 

1. 00 

Circular  Columns 

1.  10 

Shells  - 

Barrel  Arch 

1. 05 

Domes  and  Cylinders 

1. 40 

Sphere 

1.  75 

Foundations 

0.  75 

Slab  Poured  on  Ground 

0.  60 
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2.  26  Reinforced-Concrete  Masonry  Unita 

Table  2-10 

IN-PLACE  COST  OF  REINFORCED  CONCRETE  MASONRY  UNITS, 
DOLLARS  PER  SQUARE  FOOT  OF  WALL  SURFACE  (Xcm  =  $/sq  ft) 


Unit 

Cost  -  Dollars  Per 

Square  Foot 

4"  RCMU 

1.01 

6"  RCMU 

1.  10 

8"  RCMU 

1,  20 

12"  RCMU 

1.  48 

2.27  Structural  Timber 

Timber  unit  costs  are  derived  for  Southern.  Pine  and/or  Douglas 
Fir,  since  these  two  species  are  representative  of  commonly -available 
structural  timbers.  The  unit  cost  includes  freight  from  the  mill  to  the 
Chicago  Metropolitan  Area,  plus  the  cost  of  unloading  and  trucking  to  the 
job  site.  Since  it  is  anticipated  that  the  larger  sizes  will  be  required,  a 
basic  cost  of  $130  per  thousand  board  feet  is  assumed.  An  additional 
$15/MBF  is  added  to  this,  as  a  surcharge  provision  for  shipments  of  less 
than  a  full  carload  lot.  Since  the  shelter  will  be  buried,  an  allowance  of 
$60/MBF  was  added  for  lumber  treatment.  Anticipated  labor  costs,  based 
on  a  carpenter  and  helper,  will  amount  to  $45/MBF.  Adding  these  costs 
and  including  the  40%  allowance  for  overhead  and  profit,  a  total  unit  cost, 
Xw>  of  $.350/MBF  is  established  for  either  Southern  Pine  or  Douglas  Fir. 

2.  28  Earthwork 

It  is  assumed  that  open-cut  excavation,  with  1:1  side  slopes, 
will  be  accomplished  by  scrapers  and  tractor  units.  If  conditions  are  such 
that  shovel  excavation  is  required,  the  unit  costs  listed  herein  should  be 
increased  by  40%. 
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Table  2-11 


IN-PLACE  COST  OF  EARTHWORK,  , 
DOLLARS  PER  CUBIC  FOOT  (Xe  =  $/ft  ) 

Earthwork  In-Place  Cost 

Item  Dollars  Per  Cubic  Foot 


Excavation  0. 036 

Back  Fill  0.  033 

Haul  of  Waste  0,  026 

Total  0.095 


2.29  Miscellaneous 

a.  Stairs 

Spiral  -  $750  per  floor 
Conventional  -  $600  per  floor 

b.  Angle  supports  for  interior  slabs 

Shape  Slab  Thickness,  in.  $/ft 


Curved  6  5.75 

5  5.  50 

4  5. 00 

Straight  6  3. 25 

5  3.  00 

4  2.  50 


2.  3  Material  Availability 

The  feasible  scope  for  any  mass  shelter  building  program  will, 
to  a  considerable  extent,  be  dependent  upon  the  availability  of  suitable  struc¬ 
tural  materials.  A  historical  record  of  the  production  and  capacity  of  the 
major  construction  materials,  with  short-period  projections  of  their  future 
production  and  capacity,  is  given  by  Figures  2-1  to  2-5^^’  ^ 

In  order  to  obtain  a  comprehensive  understanding  of  this  problem,  four  levels 
of  availability  are  postulated,  The  first  level  of  availability  assumes  no 
restrictions  on  the  civilian  economy  and  employs  only  the  projected  unused 
capacity  of  the  materials  industry.  It  is  further  assumed  that  no  restriction 
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Figure  2-1 

PRODUCTION  AND  CAPACITY  OF  HEAVY  STRUCTURAL  STEEL  SHAPES 


Figure.  2-2 

PRODUCTION  AND  CAPACITY  OF  STEEL  PLATE 


PRODUCTION  AND  CAPACITY  OF  PORTLAND  CEMENT 
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is  placed  on  foreign  imports.  The  second  level  assumes  a  10%  restriction 
on  the  civilian  economy,  with  no  restriction  on  foreign  imports.  The  third 
level  again  assumes  a  10%  reduction  in  material  available  to  the.  civilian 
economy  and,  in  addition,  excludes  foreign  imports.  The  fourth  level  im¬ 
poses  a  25%  restriction  on  the  civilian  economy  and  again  excludes  foreign 
imports. 

These  postulated  conditions  of  availability  are  transformed  into 
possible  shelter  construction  programs  by  extrapolating  the  material  re¬ 
quirements  for  a  100-man  shelter  which  is  designed  to  withstand  an. equivalent 
static  pressure  of  10Q,  psi.  This  particular  shelter,  which  is  found'ito  be  the 
most  economical  in  the  100-psi  pressure  range  (Chapter  4),  consists  of  a 
reinforced  concrete  cubicle  with  interior  bearing  walls.  The  basic  material 
requirements  for  this  shelter,  assuming  the  moat  economical  combinations 
of  materials,  are  approximately  284  barrels  of  cement  and  5.  5  tons  of 
reinforcing  bar.  When  this'shelter  design  is  extrapolated  for  use  in  a  mass 
shelter  program,  an  analysis  of  production  and  capacity  statistics  indicates 
that  reinforcing  steel  is  the  limiting  material.  It  is  interesting  that  rein¬ 
forcing  bar  is  the  only  major  building  material  which  is  imported  by  this 
country  in  significant  quantities. 

Table  2-12 

NATIONAL  CAPABILITY  FOR  CONSTRUCTION  OF 
100-MAN,  100-PSI  REINFORCED  CONCRETE  SHELTERS, 

BASED  ON  AVAILABILITY  OF  STEEL  REINFORCING  ROD 

Postulated  Material  Construction  Capability 


No  domestic  restrictions, 
including  imports 

17.  3 

19.5 

21.8 

24.  0 

26.  2 

10%  domestic  restrictions, 
including  imports 

23.  5 

25.9 

28.4 

30.7 

33.  0 

10%  domestic  restrictions, 
excluding  imports 

9.  8 

11.  1 

12.  4 

13.6 

14,7 

25%  domestic  restrictions, 
excluding  imports 

19.  1 

20.  7 

22.2 

23.  6 

25.  0 

The  surplus  capacity  of  cement  and  form  lumber  is  such  that  their 
domestic  use  need  not  be  restricted,  even  assuming  the  larger  programs  for 
shelter  construction. 

Needless  to  say,  should  the  occasion  arise,  the  national  capabilities 
for  shelter  construction  which  are  indicated  by  Table  2-12  can  be  increased 
by  substituting  alternative  designs  and  structural  designs  for  the  postulated 
minimum-cost  shelter,  For  example,  if  steel  shell  structures  are  used  to 
supplement  the  reinforced  concrete  cubicle,  the  projected  capabities  shown 
in  Table  2-12  can  be  approximately  doubled.  These  estimates  of  national 
capabilities  for  shelter  construction  are  predicated  on  the  assumption  that 
the  transportation,  heavy  equipment  and  construction  industries  could  expand 
sufficiently  to  cope  with  the  increased  activity.  The  present  state  of  the 
national  economy  makes  this  a  reasonable  assumption,  assuming  that  military 
or  civilian  requirements  of  higher  priority  do  not  intervene. 
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CHAPTER  3  DESIGN  OF  STRUCTURAL  ELEMENTS 


3.1  Preliminary  Considerations 

The  structural  elements  discussed  in  this  chapter  are  designed  as 
integral  components  of  fully-buried,  blast-reBistant  group  shelters.  These 
shelters,  as  discussed  in  Chapter  1,  will  be  located  above  the  ground  water- 
table.  The  shelter  configurations  thus  considered  consist  of  the  rectangular 
cubicle,  the  horizontal  semi-circular  arch  or  full  cylinder,  and  the  hemi¬ 
spherical  dome  or  full  sphere.  Possible  structural  systems  for  such  shelters 
range  from  unframed  to  fully  framed  construction.  Thus,  within  feasible 
limits  of  shelter  configuration  and  framing  system,  a  given  .structural  element 
may  have  a  variety  of  functions. 

A  nuclear  detonation  will  initiate  a  blast  wave,  propagating  outward 
from  the  explosion  center.  Overpressure  at  the  ground  surface  will  be 
transmitted  through  the  cover  soil  to  a  buried  structure  as  a  dynamic  load. 

This  load  is  assumed  to  act  normal  to  all  structural  surfaces,  whether  plane 
or  curved.  The  dynamic  loading  intensity  for  horizontal  surfaces  and  for  all 
curved  surfaces  is  equated  to  the  peak  ground-level  overpressure.  A  reduced 
loading  intensity,  related  to  characteristics  of  the  adjacent  soil,,  is  assumed 
to  act  on  vertical  surfaces.  For  fully  buried  structures,  such  as  are  considered 
in  this  study,  lateral  soil  restraint  is  considered  to  be  sufficient  to  prevent 
buckling  failures  in  compressive  members. 

The  actual  response  of  a  structural  element  to  a  dynamically- applied 
load  is  influenced  by  material  and  load  pairameters.  Many  structural  materials 
exhibit  an  increasing  yield  strength  as  the  rate  of  load  application  is  increased. 
For  this  reason,  appropriate  values  for  dynamic  yield  strength  are  introduced 
into  the  analyses  of  structural  elements  for  a  buried  shelter.  Also,  if  the 
dynamic  loading  is  removed  before  a  structural  element  has  reached  equi¬ 
librium  under  its  action,  the  structural  requirements  may  be  less  severe  than 
for  a  longer  duration  of  the  same  load.  A  detailed  evaluation  of  structure 
response  must  consider  the  pressure-time  variation  of  the  applied  loading 
and  the  frequency  response  of  the  structural  element.  In  order  to  preserve 
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generality  in  the  structural  analyses,  therefore,  the  elements  have  been 
designed  for  an  "equivalent"  uniform  static  loading  rather  than  for  a  particular 
dynamic  loading.  This  equivalent  loading  may  subsequently  be  equated  to  an 
actual  dynamic  loading,  at  the  discretion  of  the  designer,  by  relating  the 
weapon  characteristics  and  the  frequency,  response  of  the  structural  element^’ 

The  buried  shelter  must  retain  its  structural  integrity  throughout 
its  period  of  projected  use.  This  requirement  may  be  of  particular  signi¬ 
ficance  in  the  design  of  buried  structures  if  a  "negative"  phase  follows  the 
positive  shock  loading.  Full  or  partial  reversal  of  stresses  may  result,  and 
should  be  recognized  in  the  structural  analyses.  The  design  should  also  provide 

9 

for  anticipated  strain  discontinuities  and  concentrations  of  secondary  stresses. 

If  these  possibilities  are  recognized,  careful  design  of  structural  details  should 

preclude  excessive  spalling  of  concrete  surfaces  or  similar  evidences  of 

localized  structural  distress.  Welded  joints  for  steel  members  are  considered 

desirable,  and  customary  anchorage  requirements  are  supplemented  by 

1 1  31 

requiring  that  lapped  reinforcing  steel  be  welded1  ’  The  design  detailing 
of  structural  members  should  ensure,  as  a  consistent  requirement,  that  the 
full  strength  of  the  weakest  member  will  be  developed  prior  to  failure  of  a 
structural  connection. 

Many  of  the  details  which  must  be  given  recognition  in  the  actual 
design  of  a  shelter  are  not  explicitly  considered  in  the  following  analyses  of 
structural  elements.  Minimum  thicknesses  are  specified  for  major  structural 
members,  however,  as  are  minimum  values  for  reinforcing  steel  in  concrete 
elements.  The  estimated  costB  of  structural  details,  where  not  explicitly 
appearing  in  the  cost  equations,  are  included  in  the  unit  in-place  costs  for 
the  structural  materials. 

Cost  expressions  and.  equations  which  incorporate  the  various 
assumptions  as  to  "in-place"costs  are  supplied  for  the  several  structural 
elements.  These  cost  relationships  may  be  adjusted  for  regional  or  secular 
variations  in  cost,  if  so  desired,  by  substituting  revised  data  into  the  basic 
cost  expressions.  Such  a  procedure  is  recommended  if  detailed  cost  studies 
are  required  for  a  specific  shelter. 

The  generalized  terms  which  appear  in  the  cost  equations  of  this 
and  subsequent  sections  are  expressed  in  several  different  ways.  The 
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in-place  cost  of  a  material  unit  is  first  identified.  The  cost  for  a  structural 
element  is  next  computed  as  the  linear  sum  of  its  component  material  costs. 
Finally,  depending  on  the  physical  form  of  a  structural  element,  its  com¬ 
posite  cost  may  be  expressed  as  a  total  cost ,  In  order  to  avoid  any  later 
confusion,  the  cost  notations  and  their  meaning  are  described  as  follows: 


This  notation,  characterized  by  an  upper  case  X  with  lower 
case  subscripts,  refers  to  the  in-place  cost  of  a  unit  of  a 
given  material.  It  is  expressed  in  dollars  per  unit  area, 

(sq  ft),  unit  weight,  (lb),  or  unit  volume,  (cu  ft),  of  the  material. 


This  notation,  characterized  by  an  upper  case  C  with  a  lower 
case  subscript,  refers  to  the  in-place  material  cost  of  a  unit 
of  a  particular  structural  element.  It  is  expressed  in  dollars 
per  unit  area,  (sq  ft)  in  the  case  of  slabs,  walls  and  shells, 
and  in  dollars  per  linear  foot  for  column  and  beams. 


(3)  C(N) 

This  notation,  characterized  by  an  upper  case  C  and  upper 
case  subscript,  refers  to  the  total  dollar  cost  of  the 
materials  in  a  structural  element. 


(4)  k'£ 

In  specific  instances  where  the  unit  cost,  is  dependent 

on  some  dimensional  properties  of  the  element,  the  X^ 
term  is  replaced  by  the  appropriate  k  term. 


The  material  unit  coate  which  are  presented  in  Chapter  2  are 
used  as  the  basis  for  determining  element  costs.  A  balanced  approach  to 
the  application  of  cost  data  is  achieved,  where  possible,  by  formulating 
cost  equations  which  contain  a  sufficient  number  of  terms  for  an  adequate 
representation  of  the  cost  variables.  The  detail  with  which  costs  are  in¬ 
vestigated  in  this  study  is,  to  a  considerable  degree,  dependent  upon  the 
probable  importance  of  each  clement  in  over-all  shelter  design. 
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3.  2  Structural  Steel 
3.  21  Introduction 

The  structural  steels  considered  in  this  study  may  be  classified  as 
plates  or  heavy  structural  shapes.  The  heavy  structural  shapes  include  those 
rolled  beam  and  column  sections  which  are  available  as  standard  items  from 
steel  suppliers.  These  sections  can  function  as  discrete  structural  elements 
in  a  framing  system,  or  can  be  combined  to  form  rectangular  and  segmented 
bents.  Rolled  plate  and  corrugated  plate  can  be  used  as  the  load-supporting 
elements  of  singly  and  doubly  curved  surfaces,  such  as  occur  in  cylinders  and 
spheres.  Because  of  the  myriad  combinations  which  become  possible,  this 
study  will  not  include  an  Investigation  of  built-up  sections.  Yield  strength  and 
primary  failure  modes,  rather  than  deflection  or  stability  criteria,  are  considered 
to  govern  the  design  of  the  steel  elements.  Detailed  functional  and  design 
analyses  for  the  various  elements  are  contained  in  Sections  3,22  through  3.27. 

The  standard  properties  of  rolled  sections  are  fully  described 
elsewhere^34,35).  For  convenience,  however,  the  section  properties  of 
primary  interest  in  buried  shelter  design  are  summarized  in  Table  3-1.  Some 
latitude  is  available  to  the  designer,  since  most  of  these  rolled  shapes  can  be 
obtained  in  different  strength  grades.  Various,  high-strength  steels,  many 
with  only  slightly  different  physical  properties,  are  available  from  the  various 
steel  suppliers  (see  Table  2-1),  Approximately  one  percent  of  heavy  structural 
shapes  and  five  percent  of  plate  steels  are  currently  produced  from  high  strength 
steels.  The  dynamic  yield-stress  values  which  are  postulated  for  representa¬ 
tive  structural  steels  are  listed  in  Chapter  2  as  Table  2-2. 

Cost  data  and  equations  for  simplified  costing  of  rolled  beams  are 
presented  in  Section  3.23.  The  costs  for  other  steel  elements,  if  required, 
can  be  based  upon  the  weight  of  the  member  and  the  in-place  unit  costs  supplied 
in  Chapter  2.  Structural  steel,  for  the  specialized  applications  considered  in 
this  study,  faces  three  economic  handicaps. 

1)  Corrosion  protection  of  buried  steel  structures  introduces 

problems  which  are  outside  the  immediate  sphere  of  structural 
design,  but  a.re  directly  related  to  the  long-term  strength 
properties  of  the  steel  section. 
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Table  3-1 

PROPERTIES  OF  STANDARD  ROLLED  STEEL  SHAPES 


Shape 

Z 

in.  3 

Zr 
1„.  3 

Area 

in.  2 

D 

in. 

“w 

in. 

b 

in. 

'f 

in. 

lw 

In- 

b/t£ 

d  ft 

w'  w 

t 

fix 

in. 

rgy 

in. 

1. 

36  Wf  300 

1105.  1 

1255.  0 

88.1  7 

36.72 

33.  36 

16.655 

1. 680 

0.945 

9.9 

35.  3 

15. 17 

3.73 

2. 

36  WF  280 

1031 . 2 

1167.0 

82.32 

36.50 

33.  36 

16.595 

1.  570 

0.885 

10.6 

37.  7 

15.  12 

3.70 

3. 

36  WF  260 

951. 1 

1076.0 

76.56 

36.  24 

33.  36 

16.555 

1. 440 

0.845 

11.5 

39.5 

15.00 

3.65 

4. 

36  WF  245 

892.  5 

1008. 0 

72.03 

36.  06 

3  3.  36 

16,512 

1.  350 

0.802 

12,  ?- 

41.6 

i  a  ns 

3.62 

5. 

36  WF  230 

835.  5 

942.7 

67.73 

35.88 

33.  36 

16.475 

1. 260 

0.765 

13.1 

43.6 

14.88 

3.59 

6. 

36  WF  194 

663.6 

767.2 

57.11 

36.48 

33.  96 

12.117 

1. 260 

0.770 

9.6 

44.  1 

14.  56 

2.49 

7. 

36  WF  1B2 

621. 2 

716.9 

53.  54 

36.32 

33.  96 

12.072 

1.  180 

0.  725 

10.2 

46.9 

14.  52 

2.47 

a. 

36  WF  170 

579.1 

666.7 

49.98 

36.  16 

33.96 

12.027 

1.  100 

0.680 

10.9 

50.0 

14.47 

2.45 

9. 

36  WF  160 

541.0 

623.3 

47,09 

36.00 

33.96 

12.000 

1.020 

0.653 

11.8 

32.  0 

14.38 

2.42 

10. 

36  WF  150 

502,9 

579.8 

44.16 

35.84 

33.  96 

11.972 

0.  940 

0.  625 

12.7 

54.  3 

14.29 

2.  38 

11. 

36  WF  135 

438.6 

509.  1 

39.70 

35.55 

33.  96 

11.945 

0.  794 

0.  598 

15.  1 

56.8 

14.01 

2.28 

12. 

33  WF  240 

811.1 

918.2 

70.52 

33.50 

30.  70 

15.865 

1.400 

0.830 

11.3 

37.0 

13.88 

3.52 

13. 

33  WF  220 

740.6 

836.2 

64.73 

33.25 

30.  70 

15.810 

1. 275 

0.775 

12.4 

39.6 

13.79 

3.48 

14. 

33  WF  200 

669.6 

754.4 

58.79 

33.00 

30.  70 

15.750 

1.150 

0.715 

13.7 

43.0 

13.71 

3.43 

15. 

33  WF  152 

486.4 

558.  3 

44.71 

33.50 

31.  39 

11.565 

1.055 

0.635 

11.0 

49.  5 

13.50 

2.39 

16. 

33  WF  141 

446.8 

513.2 

41.51 

33.  31 

31.  39 

11.535 

0.960 

0.605 

12.0 

52.0 

13.39 

2.35 

17. 

33  WF  130 

404.8 

466.0 

38.26 

33. 10. 

31.  39 

11.510 

0.855 

0.580 

13.5 

54.1 

13.  23 

2.29 

18. 

33  WF  118 

358.  3 

414.2 

34.71 

32.86 

31. 38 

11.484 

0.  738 

0.554 

5.6 

56.7 

13,02 

2.22 

19. 

30  WF  210 

649.9 

733.9 

61.78 

30.38 

30.  75 

15.105 

1.  315 

0.775 

11.5 

39.7 

12.69 

3.  38 

10, 

30  WF  190 

386.  1 

699.6 

55.90 

30.12 

27.  75 

15.040 

1.  185 

0.710 

12.7 

39.1 

12.57 

3.34 

21. 

30  WF  172 

928.2 

393.0 

50.65 

29.88 

27.  75 

14.985 

1.065 

0.655 

14.1 

42.4 

12.48 

3.  30 

22. 

30  WF  1  32 

379.  7 

436.7 

38.  83 

30.  30 

28.  30 

10.551 

1.000 

0.615 

10.6 

46.0 

12, 17 

2.18 

23. 

30  WF  12. 

354.6 

407.4 

36.45 

30.16 

28.  30 

10.521 

0.  930 

0.583 

11.3 

48.4 

12.11 

2.16 

24. 

30  WF  116 

327.9 

377.6 

34.13 

30.00 

28.  30 

10.500 

0.850 

0.564 

12.4 

50.2 

12.00 

2.  12 

25. 

30  WF  108 

299.2 

345.  5 

31.77 

29.82 

28.  30 

10.484 

0.760 

0.548 

13.8 

51.6 

11. 85 

2.06 

26. 

30  WF  99 

269. 1 

312.  0 

29.11 

29.64 

28.  30 

10.458 

0.  670 

0.522 

15.6 

54.2 

11.70 

2.00 

27. 

27  WF  177 

492.  8 

556.  9 

52. 10 

27.31 

24.  93 

14.  090 

1.  190 

0.  725 

11.8 

34.4 

11.  36 

3.  16 

28. 

27  WF  160 

444.  5 

504.  3 

47.04 

27.08 

24.93 

14.023 

1.  075 

0.658 

13.0 

37.9 

n.  3i 

3.  12 

29. 

27  WF  145 

402.9 

452.  0 

42.68 

26.88 

24.93 

13.965 

0.  975 

0.600 

14.  3 

41. 5 

n.  26 

3.  09 

30. 

27  WF  114 

299.  2 

342.  8 

33.53 

27.  28 

25.  42 

10.070 

0.  932 

0.570 

10.8 

44.  6 

11.03 

2.11 

31. 

27  WF  102 

266.  3 

304.  4 

30.01 

27.07 

25.  42 

10.018 

0.  827 

0.518 

12.  1 

49.  1 

10.96 

2,  08 

32. 

27  WF  94 

242.  8 

277.  7 

27.65 

26.91 

25.42 

9.990 

0.  747 

0.490 

13.4 

51.9 

10.  87 

2.04 

33. 

27  WF  84 

211. 7 

242.  9 

24.71 

26.69 

25,42 

9.963 

0.636 

0.463 

15.7 

55.  0 

10.69 

1.97 

34. 

24  WF  160 

413.  5 

463.  7 

47.04 

24.  72 

22.45 

M.091 

1.  135 

0.656 

12.4 

34.  2 

10.42 

3. 23 

35. 

24  WF  145 

372.  5 

416.  0 

42.62 

24.  49 

22.45 

14.  043 

l.  020 

0.608 

13.8 

37.  0 

10.  34 

3.19 

36. 

24  WF  1  30 

330.  7 

369.2 

38.21 

24.25 

22.45 

14.000 

0.  900 

0.565 

15.6 

39.  7 

10.24 

3.  13 

37. 

24  WF  120 

299.  1 

336.6 

35.29 

24.  31 

22.45 

12.088 

0.930 

0.556 

13.0 

40.  3 

10.  15 

2.68 

38. 

24  WF  1 1 0 

274.4 

307.  7 

32.  36 

24.  16 

22.  45 

12.  042 

0.  855 

0.510 

14.  1 

44.  0 

10.  12 

2.66 

39. 

24  WF  100 

248.9 

278.  3 

29.  43 

24.  00 

22.  45 

12.000 

0.  775 

0.468 

15.5 

48.  0 

10.08 

2.63 

40, 

24  WF  94 

220.9 

253.  0 

27.63 

24.29 

22.  55 

9.061 

0.  872 

0.516 

10.4 

43.  ? 

9.85 

1.92 

41. 

24  WF  84 

196.  3 

224.  0 

24.71 

24.  09 

22.  55 

9.  015 

0.  772 

0.470 

11.7 

48.  0 

9. 78 

1.89 

42. 

24  WF 

175.4 

200.  I 

22.  37 

23.  91 

22.  55 

8,  985 

0.  682 

0.440 

1  3.  2 

51 . 2 

9.68 

1.85 

43. 

24  WF  66 

153.  1 

175.  3 

20.  00 

23.  71 

22.  55 

8.  961 

0.  582 

0.416 

15.  4 

54.2 

9.53 

1.79 

44. 

21  WF  142 

317.2 

357.  0 

41.76 

21 . 46 

19.  27 

13.  1  32 

1. 095 

0.659 

12.0 

29.  3 

9.03 

3.04 
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|  21  WF  127 
21  WF  112 
!  21  WF  96 
21  WF  82 
21  WF  73 
21  WF  68 
21  WF  62 
21  WF  55 
|  18  WF  114 
18  WF  103 
'  18  WF  96 
18  WF  85 
IB  WF  77 
18  WF  70 
18  WF  64 
18  WF  60 
18  WF  55 
18  WF  50 
18  WF  45 
16  WF  96 
16  WF  68 
16  WF  78 
16  WF  71 
16  WF  64 
16  WF  58 
16  WF  50 
16  WF  45 
16  WF  40 
16  WF  36 
14  WF  426 
14  WF  398 
14  WF  370 
14  WF  342 
14  WF  320 
14  WF  314 
14  WF  287 
14  WF  264 
14  WF  246 
14  WF  237 
14  WF  228 
14  WF  219 
14  WF  211 
14  WF  202 
14  WF  193 
14  WF  184 
14  WF  176 


in. 

s 

8 

278 

0 

226 

3 

191 

6 

172 

1 

159 

8 

144 

l 

125 

4 

247 

9 

226 

5 

206 

0 

177 

6 

160 

3 

144 

7 

131 

8 

122 

6 

111 

b 

100 

8 

89 

8 

186 

0 

169 

0 

37.  34 

21.24 

19.  27 

32.93 

21 . 00 

19.  27 

28.21 

21 . 14 

19.  27 

24.10 

20.86 

19.  27 

21.46 

21.24 

19.  76 

20.02 

21. 13 

19.  76 

18.23 

20.99 

19.  76 

16.16 

20.80 

19.76 

33.  51 

18.48 

16.  50 

30.86 

18.32 

16.  50 

28.  22 

18.16 

16.  50 

24.97 

18.  32 

16.  50 

22.63 

18.16 

16.  50 

20.56 

18,00 

16.  50 

18.80 

17.  87 

16.  50 

1  7.  64 

18.25 

16.86 

16. 19 

IB.  12 

16.86 

14.71 

18.  00 

16.86 

13.24 

17.86 

16.  86 

28.22 

16.32 

14.  57 

25.87 

16.16 

14.  57 

22.92 

16.  32 

14.  57 

20.86 

16.  16 

14.  57 

18.80 

16.00 

14.  57 

17.04 

15.86 

14.  57 

14.70 

16.  25 

14.99 

13.  24 

16.  12 

14.99 

11.77 

16.00 

14.99 

10.  59 

15.85 

14.99 

125.25 

18.6? 

12.62 

116.98 

18.  31 

12.  62 

108.78 

17.  94 

12.  62 

100.59 

17.  56 

12.  62 

94. 12 

16.  81 

12.  62 

92. 30' 

17.  19 

12.  62 

8  4.  37 

16.  81 

12.  62 

77.63 

16.  50 

12.  62 

72.  33 

16.  25 

12.  62 

69.69 

16.  12 

12.  62 

67.06 

16.  00 

12.62 

64.  36 

15.  87 

12.  62 

62. 07 

1  5.  73 

i  l.  bi 

59.39 

15.63 

U.  62 

56.73 

15.  50 

12.  62 

54.07 

15.  38 

1  2.  62 

51.73 

15.  26 

12.  62 

7.  75 

2.73 

7.  70 

2.71 

7.57 

2.00 

Table  3-1  (Continued) 

PROPERTIES  OF  STANDARD  ROLLED  STEEL  SHAPES 


Shape 

Z 

In.  3 

Z 

r 

In.  3 

Area 

In.  2 

D 

in. 

d 

w 

in, 

b 

in. 

V 

in. 

C 

w 

in. 

b/tf 

d  /t 

w  w 

r 

g* 

in. 

r 

gy 

in. 

91. 

14  WF  167 

267.  3 

302.  9 

49.09 

15.12 

12.  62 

15.600 

1.248 

0.780 

12.5 

16.2 

6.42 

4.01 

92. 

14  W F  158 

293.4 

286.  3 

46.47 

15.00 

12.  62 

15. 550 

1.  188 

0,730 

13.1 

17.  3 

6.40 

4.00 

95. 

14  WF  1  50 

240.2 

270.  2 

44.08 

14.  88 

12.  62 

15.515 

1.  128 

0.695 

13.4 

18.  2 

6.  37 

3.99 

94. 

14  W F  142 

226.  7 

254,8 

41.85 

14.  75 

12.  62 

15.500 

1.063 

0.680 

14.6 

18.6 

6.  32 

3.  97 

95. 

14  WF  136 

216.  0 

242.  7 

39.98 

14.75 

12,  62 

14.740 

1.063 

0,660 

13.9 

19. 1 

6.  31 

3.  77 

96. 

14  WF  127 

202.  0 

225.  9 

37.33 

14.62 

12.  62 

14.  690 

0.  998 

0.610 

14.7 

20.  7 

6.  29 

3.76 

97. 

14  WF  119 

189. 4 

210.  9 

34.99 

14.50 

12,  62 

14.650 

0.  938 

0,570 

15.6 

22.  2 

6.  26 

3.  75 

98. 

14  WF  111 

176.  3 

196.  0 

32.65 

14.37 

12.  62 

14,  620 

0.873 

0.540 

16.8 

23.4 

6.  23 

3.  73 

99. 

14  WF 

1U3 

163.6 

181. 0 

30.26 

14.  25 

1  ? ,  62 

14.  575 

0.313 

0.495 

17.9 

25.  5 

6.  21 

3.  72 

100, 

14  WF 

95 

150.6 

166.  6 

27.94 

14.12 

-12.  62 

14. 545 

0.  748 

0.465 

19.4 

27.  1 

6.  17 

3.71 

101. 

14  WF 

87 

138. 1 

151 .  3 

25.56 

14,00 

12.62 

14. 500 

0.  688 

0.420 

21.1 

30.  0 

6.  15 

3.70 

102. 

14  WF 

84 

130.9 

145.  4 

24.71 

14.16 

12.  62 

12.023 

0.  778 

0.451 

15.5 

28.  0 

6.13 

3.02 

103. 

14  WF 

78 

121.1 

134.  0 

22,94 

14.06 

12.62 

12. 000 

0.  718 

0.428 

16.7 

29.  5 

6.  09 

3.  00 

104, 

14  WF 

74 

21.76 

14.  19 

12.  62 

10.072 

0.  78  3 

0.450 

12.9 

28.  0 

6.05 

2.48 

105. 

14  WF 

68 

2C.00 

14.  06 

1 2.  52 

10.^40 

0.  718 

0,418 

14.  0 

30.  2 

6.  02 

2.46 

106. 

14  WF 

61 

92.  2 

102.4 

17.94 

13.91 

12.62 

10.000 

0.643 

0.  378 

15.6 

33.4 

5.  98 

2.45 

107. 

14  WF 

53 

77.8 

B7.  1 

15,59 

13.94 

12.  62 

R,  <762 

0.658 

0.370 

12.  3 

34.  1 

5.  90 

1.92 

108. 

14  WF 

48 

70.2 

78.  5 

14.11 

13.  81 

12.  62 

8.  Oil 

0.  593 

0.339 

13.  5 

37.  2 

4,  «6 

1.91 

109. 

14  WF 

43 

62,  7 

69.  7 

12.65 

13.  68 

12.62 

8.000 

'  0.  528 

0.  308 

15.  2 

41.0 

5.82 

1.89 

110. 

14  WF 

38 

54.6 

61.  5 

1 1/17 

14.  12 

13.09 

6.976 

0.513 

0.313 

13.  2 

41.8 

5.87 

1.49 

in. 

14  WF 

34 

48.5 

54.  5 

10.00 

14.00 

13.09 

6.750 

0.453 

0.287 

14.9 

45.6 

5.83 

1.46 

112. 

14  WF 

30 

41.8 

47.  1 

8.81 

13.86 

13.  09 

6.733 

0.  383 

0.270 

17.6 

48.  5 

5.  73 

1.41 

113. 

12  WF  190 

263.2 

311.  5 

55.86 

14.  38, 

10.  91 

12.670 

1.  736 

1.060 

7.  3 

10.  3 

5.82 

3.25 

114. 

12  WF  161 

222.  2 

259.  2 

47.  38 

13.80 

10.91 

12.515 

1.486 

0.905 

8.4 

12.1 

5,70 

3.20 

115. 

12  WF  133 

182.  5 

209.  7 

39.11 

13.30 

10.91 

12.365. 

1.  236 

0.755 

10. 0 

14.5  ' 

5.59 

3. 16 

116. 

.12  WF  120 

163.  4 

186.  4 

35.  31 

13.  12 

10.  91 

12. 320 

1.  106 

0.710 

11.1 

15.4 

5.  51 

3.13 

117. 

12  WF 

106 

144.  5 

163.  4 

31.19 

12.  88 

10.  91 

12.230 

0.  986 

0.620 

12.4 

17.6 

5.46 

3.11 

lie. 

12  WF 

99 

134.  7 

151.  8 

29.09 

12,75 

10.  91 

12.190 

0.  921 

0.580 

13.2 

18.8 

5.43 

3.09 

119. 

12  WF 

92 

125.  0 

140.  2 

27.06 

12.62 

10.  91 

12.155 

0.  856 

0.545 

14,  2 

20.  0 

5.40 

3.08 

120. 

12  WF 

85 

115.7 

129.  1 

24.98 

12.  50 

10.  91 

12.105 

0.  796 

0.495 

15..  2 

22.  0 

5.  38 

3.07 

121. 

12  WF 

79 

107.  1 

119.  3 

23.22 

12.  38 

10.  91 

12.080 

0.  736 

0.470 

16.4 

23.  2 

5.  34 

3.05 

122. 

12  WF 

72 

97.  5 

108.  1 

21.. 16 

12.25 

10.  91 

12.040 

0.  671 

0.430 

17.9 

25.4 

5.31 

3.04 

123. 

12  WF 

65 

88.  0 

97.  0 

19.U 

12.  12 

10.  91 

12.000 

0.  606 

0.  390 

19-  8 

28,  0 

5.  28 

3.02 

124. 

12  WF 

58 

78.  1 

86.  5 

17.06 

12.  19 

10.  91 

10.014 

0.  641 

0.  359 

15,  6 

30.4 

5.  28 

2.51 

125. 

12  WF 

53 

70.  7 

78.  2 

15.59 

12.06 

10.  91 

10.000 

0.  576 

0.345 

17.  3 

31,6 

5.23 

2.48 

126. 

12  WF 

50 

64.  7 

72.6 

14.71 

12.  19 

10.91. 

8.077 

0.  641 

0.  371 

12.6 

29.  4 

5.18 

1.96 

127. 

12  WF 

45 

58.2 

64.9 

13.24 

12.06 

10.  91 

8.  042 

0.  576 

0.336 

1  3.9 

32.  5 

5.  15 

1.94 

128. 

12  WF 

40 

51.9 

57.6 

11.77 

11.94 

10.91 

8.000 

0.  516 

0.294 

15.  5 

37.  1 

5.  13 

1.94 

129. 

12  WF 

36 

45.  9 

51.4 

3  0.59 

12.  24 

11.  16 

6.585 

0.  540 

0.  305 

12.2 

36.6 

5.  15 

1.  50 

130. 

12  WF 

31 

39.4 

44.  0 

9.12 

12,09 

11.  16 

6.525 

0.465 

0.265 

14.0 

42  n 

‘.ii 

1.47 

131. 

12  W.F 

27 

34.  1 

38. 0 

7.97 

11.95 

11.15 

6.  500 

0.  400 

0.240 

16.  3 

46.  5 

5.  06 

1 . 44 

1  32. 

10  WF 

112 

126.  3 

1  ;  7 .  5 

32.92 

l  1 . 38 

8.  88 

10.  415 

1. 248 

0.755 

8. 4 

11.8 

4.67 

2.  67 

1  33. 

10  WF 

100 

112.  4 

130.  1 

29.43 

11.12 

8.  88 

10.  345 

1.  118 

0.685 

9.  3 

13.0 

4.61' 

2.65 

1  34. 

10  WF 

89 

99.  7 

114.4 

26.  19 

10.88 

8.  88 

10. 275 

0.  998 

0.615 

10.  3 

14.  4 

4.  55 

2.63 

135. 

10  WF 

77 

86.  1 

97.7 

22.67 

(0.  62 

fl.  88 

10. 195 

0.  868 

0.  536 

11.8 

1 6.  6 

4.  49 

2.60 

1  36. 

10  WF 

72 

80.  J 

90.  7 

21 . 18 

10.  50 

8.  88 

10.  1 70 

0.808 

0.  510 

12,6 

]7.  4 

4.  46 

2.59 
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Table  3-1  (Continued) 

PROPERTIES  OF  STANDARD  ROLLED  STEEL  SHAPES 


Shape 

Z 

in.  5 

z, 
in,  3 

10  W  F 

66 

73.  7 

82.3 

10  WF 

60 

67.  1 

75.  1 

10  WF 

34 

60.4 

67.0 

10  WF 

49 

54.6 

60.  3 

10  WF 

45 

49. 1 

58.0 

10  WF 

39 

42.2 

47.0 

10  WF 

33 

35.  0 

38.8 

10  WF 

39 

30.8 

34.  7 

10  WF 

23 

26.4 

29.8 

10  WF 

2! 

2!.  5 

7.4,  1 

8  WF 

67 

60.  4 

70.  1 

8  WF 

56 

52.0 

59.9 

8  WF 

48 

43.  2 

49.0 

s  wr 

40 

35.  5 

39.9 

8  WF 

35 

31. 1 

34.7 

8  WF 

31 

27.4 

30.4 

8  wf 

28 

24.  3 

27.1 

s  wr 

24 

20.8 

23.  1 

8  WF 

20 

17.  0 

19.1 

B  WF 

17 

14.  1 

15.8 

6  wr 

28 

16.8 

19.0 

k  wr 

20 

13.4 

15.0 

6  wr 

15.  9 

10.1 

11.3 

3  WF 

18.5 

9.94 

11.4 

dw/lw 


3  W  r  16 

4  vr  13 

24  1  120 

105.  9 
100 
90 


B,l  28. 
7.9  36. 

9.0  23. 

8.7  36. 

9.1  25. 

8.8  33. 

B.3  15. 

8.0  23. 


I 

j 

Table  3-1  (Continued) 

I  PROPERTIES  OF  STANDARD  ROLLED  STEEL  SHAPES 


2)  Most  rolled  shapes  are  proportioned  for  conventional  structural 
applications,  where  moment  rather  than  shear  is  critical. 

For  the  loads  and  spans  considered  in  this  study,  however, 
shear  almost  invariably  governs  the  selection  of  steel  members. 
The  available  steel  shapes  are  relatively  inefficient  in  resisting 
large  shearing  forces,  and  a  considerable  portion  of  their 
theoretically-available  moment  capacity  must  thus  remain 
unutilized. 

3)  A  high  modulus  of  elasticity  and  a  favorable  ratio  of  dead¬ 
weight  to  live-load  capacity  normally  makes  steel  competitive 
aa>a  construction  material.. ,  However,  these  advantages  are 
largely  negated  by  the  large  live-loads  and  the  short  span, 
single  story  layouts  which  are  associated  with  buried  group 
shelters.  The  advantages  still  retained  by  steel  include  its 
ability  to  abaorb  large  amounts  of  energy  and  to  experience 
large  plastic  deformations  before  fracture.  These  elastic 
properties  of  steel,  while  perhaps  giving  the  designer  more 
confidence  in  the  structural  behavior  of  the  material  in  a 
complex  dynamic-blast  environment,  unfortunately  do  not  appear 
to  offset  the  inherent  economic  disadvantages. 
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3.  22  Rolled  Column  Section 


Steel  columns  have  several  possible  applications  in  buried  shel¬ 
ters,  Most  of  these  will  occur  in  the  cubicle  configuration,  where  the 
column  may  function  either  as  a  vertical  member  in  a  steel  framing  system 
or  as  an  isolated  support  for  beams  and/or  decking. 


Various  equations  have  been  proposed  for  the  ultimate  design  of 
short  steel  columns^’  It.  is  frequently  assumed  that 

side  sway  will  not  be  a  problem  in  a  buried  blast-resistant  shelter,  and  the 
full  dynamic  yield  strength  of  the  column  can  thus  be  developed  prior  to  its 
failure.  The  equations  for  the  ultimate  dynamic  strength  of  a  steel  column 
which  are  used  in  this  study  are  derived  from  data  supplied  by  Reference  32. 
These  equations  are  applicable  to  rolled  sections  whose  H/r^  ratios,  ex¬ 
pressed  in  the  stated  units,  do  not  exceed  five. 


Axially-  Loaded 
Column 


dy 


=  Af 


dy 


5000  r 

g 


(3.22.  1) 


Eccentrically-Loaded 

Column 


M' 


rf-  ■  1  -0-85  h* 

dy  p 


«  H 
'StfBcTF 
S 


(3.  22.2) 


where 


dynamic  yield  resistance  in  direct  compression 
of  an  axially-loaded  steel  column,  (lb) 


dy 


dynamic  yield  resistance  in  direct  compression 
of  an  eccentrically-loaded  column,  (lb) 


oi 

H 


gross  area  of  column  section,  (sq  in,  ) 

dynamic  yield  stress  for  steel  in  tension  or 
compression,  (psi) 

effective  length  factor  for  column 

unsupported  column  height,  (ft) 
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Mp  =  full  plastic  moment  capacity  of  column  section, 
considered  as  a  beam,  (in.  -lb) 

M'p  =  plastic  moment  which  can  be  actually  resisted 
by  an  eccentrically  loaded  column,  (in.  -lb) 

r  =  radius  of  gyration  of  column  section  about 

§ 

assumed  bending  axis,  (in.) 


For  illustration,  Figure  3-1  compares  values  of  P'^  /P^  and 

M'  /M  ,  as  computed  by  Equation  3.  22.  1,  with  those  proposed  in  other 
P  P  (7  3  7\ 

references'  ’  ’•  '  for  similar  applications.  The  in-place  cost  of  a  steel 
column  can  be  estimated  by  multiplying  itB  weight  per  foot  by  the  product  of 
the  unit  cost  coefficient  for  structural  steel,  as  listed  in  Chapter  2,  and  the 
length  of  the  column  in  feet. 


3.  23  Rolled  Beam  Section 

Rolled  steel  sections  can  be  incorporated  in  an  all-steel  framing 
system  or  used  as  beams  in  a  composite  system.  The  shapes  of  the  standard 
rolled  sections  have  evolved  from  their  use  in  conventional  construction, 
where  flexural  stresses  are  usually  controlling.  These  shapes  are  highly 
efficient  for  such  applications,  particularly  if  the  design  of  the  member  is 
based  upon  elastic  deflections.  In  buried  shelters,  however,  the  span 
lengths  are  small  and  the  design  loads  can  be  very  large.  As  a  result,  in 
almost  every  case  examined  in  this  study,  the  capacity  of  a  rolled  beam  sec¬ 
tion  is  limited  by  its  ability  to  resist  shearing  stresses. 


The  rolled  beam  sections  are  analyzed  on  the  assumption  that  an 
equivalent  uniform  load  is  statically  applied  over  the  full  length  of  the  mem¬ 
ber.  Possible  modes  of  failure  include  flexure,  shear,  and  local  buckling. 
Flexure  and  shearing  failures  will  be  initiated  by  localized  plastic  yielding 
at  critically-stressed  sections,  with  a  continuing  redistribution  of  internal 
stresses  until  a  yield  mechanism  has  been  developed.  The  yield  resistances 
in  flexure  and  in  shear  are  expressed  in  terms  of  the  maximum  uniform 
loadings  q^,  q  ,  which  can  be  supported  by  a  given  beam.  Three  possible 
conditions  of  end  restraint  are  considered  for  each  beam. 
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Ratio  of  Yield  Load  on  Eccentrically-Loaded  Column 
to  Yield  Ratio  of  Load  on  Axially-Loaded  Column 


Figure  3-1 

PREDICTIONS  OF  YIELD  LOADS 
FOR  ECCENTRICALLY-LOADED  SHORT  STEEL  COLUMNS 
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Peak  flexural  and  shearing  stresses  can  simultaneously  occur  on 
the  critically-stressed  sections  of  a  loaded  beam.  It  is  assumed  that  only 
the  web  of  a  rolled  section  is  effective  in  resisting  shear,  and  that  a  steel 
fiber  which  is  yielding  in  flexure  will  have  no  capacity  to  resist  shear. 
Applying  these  assumptions  to  the  section  with  the  maximum  ratio  of  moment 
to  shear  (M/V  ratio),  the  web  is  considered  to  resist  only  the  shear  and  the 
flanges  are  considered  to  resist  only  flexure.  Accordingly,  a  reduced  plastic 
moment  capacity  ^pri  based  on  the  reduced  plastic  modulus  Z r  of  the  flange 
areas,  is  used  in  lieu  of  the  full  plastic  moment  in  analyzing  the  moment 
resistance  at  such  sections. 


The  relation  between  yield  resistance  and  length  of  a  beam  can  be 
studied  by  assuming  that  a  short  beam  is  loaded  to  incipient  yield  in  shear. 

Its  total  resistance  to  load  thus  becomes  a  function  of  the  sectional  area  of 
the  %eb.  As  the  length  of  the  beam  is  increased,  its  total  load  resistance 
will  remain  unchanged  as  long  as  weh  «h«s.r  continues  to  control.  However, 
peak  flexural  stresses  will  increase  rapidly  and  at  some  length,  designated 
as  h«ep*  the  extreme  fibers  will  start  to  yield  in  flexure.  As  the  length  of 
beam  continues  to  increase,  with  total  load  still  constant,  plastic  hinges 
progressively  develop  at  locations  of  maximum  moment  (elasto-plastic  range). 
At  some  length,  designated  as  ,  the  beam  with  constant  total  load  is 
simultaneously  at  plastic  yielding  in  flexure  and  in  shear.  If  the  length  of 
beam  is  increased  still  further,  the  total  allowable  load  on  the  beam  must  be 
reduced  since  the  plastic  moment  capacity  (Mp  or  Mpr)  will  now  control  the 
total  resistance  of  the  beam.  These  general  relationships  are  illustrated  in 
Figure  3  -2. 

The  yield  resistances  and  q^  for  rolled  steel  beams  supporting 
uniform  equivalent  loads  can  be. computed  as  follows: 


(1)  Simply  Supported  Beams 
q^  x  12  B 


8  M  8Zf. 
_ P.  _ _ dy 

144L2  144L2 


% 


x  12  B  = 


2  V  2  v  ,  A 
_E_  =  — _dX_  w 


12  L 


12  L 


1 .  2  A  f  , 
w  ay 

rzr - 
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Length,  L 


Yield  resistance  controlled 
by  shear  capacity  of  wob. 


Yield  resistance  controlled 
by  usablu  flexural  capacity. 


Length,  L 


Web  stressed  to  yielding  in  shear. 
Flexural  capacity  not  fully  utilized. 


Full  flexural  capacity  developed. 
Unutilized  shear  capacity. 


Length,  L 


Figure  3-2 

IDEALIZED  RELATIONSHIPS  BETWEEN  YIELD  LOAD,  FAILURE 
MODE,  AND  BEAM  LENGTH  FOR  STEEL  BEAMS 


Equating  qf  and  qv  at  L  =  L, 


where 


8  Z  f  ,  1 . 2  A  f . 

dy  w  dy 


(3.23.1) 


for  q£  =  qv 


B  =  oenter-to-center  spacing  of  beams,  (ft) 

V  =  total  shear  causing  full  plastification  of  Aw>  (lb) 

=  dynamic  shear  yield  stress,  taken  as  0.  60  f^y,  >  (psi) 

A  a  net  area  of  web  of  rolled  section,  (in.) 
w 

=  d  x  t  ,  where  d  is  net  depth  of  web,  (in,),  and 
w  w  w 

t  is  thickness  of  web,  (in.) 
w 

=  A  -  (2bt£)  where  b  is  width  of  flange,  (in.),  and 
t£  is  thickness  of  flange,  (in.) 

Thus,  there  are  two  regions  of  design  interest  for  a  Bimply  supported  steel 
beam  which  is  at  incipient  plastic  collapse  under  an  equivalent  uniform  Load. 
If  L  < L/£  ,  shearing  stresses  in  the  web  control  the  design  and 


q  B  Li  A 
W  w 


(3.  23.  2) 


If  Li >  L£v  ,  then  flexural  stresses  on  the  gross  section  control  design  and 


(3.  23.  3) 
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Finally,  if  L  =  ,  then.  qy  =  qf  and 


0.  015  A2 
_ _\v 

Z 


(3.  23.  4) 


(2)  Fixed-End  Beams 

Here,  maximum  shear  and  moment  both  occur  at  the  supports, 

hence  a  reduced  moment  capacity  M  is  substituted  for  M  . 

P*-  P 


8  M  +8M 

q.  x  12  B  =  - 2 - 5-22- 

*  1  ill  T  ■ 


8  f 


*L 


144  L‘ 


144  L 


2<z  +  zr> 


2  V 


qy  x  12B  =  j 


2  L 


2  y  ,  A  1 . 2  A  f , 
dy  w  _  w  dy 


12  L 


12.L 


Equating  qf  and  qy  at  L  =  Lfy , 


144  JL 


8  f ,  1 ,  2  A  f  . 

fv 

(z  +  zr) 

T  8  A 


■'fv 


for 


IV 


%  =  «V 


(3.  23.  5) 


There  are  two  regions  of  design  interest  in  the  case  of  the  fixed-end 
beam.  Assuming  incipient  yielding,  shearing  stresses  in  the  web  will  control 
for  L  < Li£v  and  the  design  equation  is 


q  BL 
w 


dy 


120 


(3.  23.  6) 
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If  L>L^v>  then  flexural  stresses  will  control  the  design.  The 

reduced  section  modulus  Z  is  substituted  for  Z  ,  since  maximum  flexure 

r 

and  shear  occur  at  the  same  section.  For  this  situation, 


qfBL2  (Z  +  Zp) 

f,  =  216 

dy 


(3.  23.  7) 


Finally,  if  L  =  1^  ,  then  qv  =  q^  and 


q  B 


0.  01 5  A2 

TzTzTJ 


(3.  23.  8) 


(3)  One  Fixed  End,  One  End  Simply-Supported 


The  relationship  between  shear  and  moment  is  not  symmetrical  for 

this  case,  hence  the  length  L  becomes  of  significance.  This  length,  as 

ep 

related  to  a  beam  loaded  to  its  ultimate  capacity  in  shear,  is  defined  as  the 
beam  length  for  which  the  computed  elastic  moment  Me  is  numerically  equal 
to  the  reduced  plastic  yield  moment  Mpr  of  the  section.  This  continues  the 
earlier  assumption  that  the  numerical  value  of  the  peak  elastic  moment  is 
approximately  equal  to  that  of  the  reduced  plastic  moment. 


Equating  and  Mg  at  L  =  Li^  ,  assuming  the  beam  is  at 

incipient  shear  failure  due  to  load  qv  ,  yields  the  expression 


M 


Z  f  , 
r  dy 


q  x  12  B  x  144  E 
w  ep 

"  3 


The  expression  for  total  shear  capacity  of  the  section  at  E  = 


E 


ep 


is 


V 

P 


q  x  1  2  B  x  1 Z  L  M 

ep  , 

2  '  +  12  L  AT 

e. 


0.  60  A 

w 


f 


dy 
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Solving  these  equations  yields  the  following  expression  for 


L 


ep  ' 


A 

r  _  w  dy 
ep  B  1 50  q  B 


(3.23.9) 


For  values  of  L  <L  ,  shear  in  the  web  governs  design  and  the  resistance  of 
ep 

the  beam  is  expressed  by 


qvBL 


dy 


A 

w 

~IW 


(3.  23.  10) 


For  values  of  Lgp<  L  <L£v  shear  in  the  web  governs  and,  since  moment  is 
essentially  constant  in  this  idealised  elasto-plastic  range,  die  following 
equation  is  approximately  valid. 


q  x  12  B  x  12  L  2  f. 

Vp  *  -I - j - +  -HTT*-  =  0.  6  Aw  fdy  (approximate) 


Solving  for  yields 


q  BL  A  Z 
w  r 

~T - 3  T7JT  '  ~5%%Ti 

dy 


(3.  23.  11) 


For  values  of  jL>  I_i£^ ,  flexural  stresses  on  the  net  beam  section  control  and 


(2  2  +  Zp) 
4l2 


(3.  23.  12) 
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(4)  Selection  of  Steel  Beam 


Tables  3-2,  3-3  and  3-4  supply  flexural  and  shear  resistance 
functions  for  standard  rolled  beam  sections,  arranged  in  decreasing  order 
of  values.  These  resistance  functions  can  be  used  directly  for  preliminary 
design,  if  the  assumptions  used  in  their  derivation  are  accepted.  A  typical 
design  problem  involves  the  selection  of  required  section  and  spacing  for  a 
beam,  with  L  and  q  previously  specified.  Maximum  strength  utilization  for 
the  beam  section  is  realized  if  L  =  L^v,  since  the  beam  is  then  simultaneously' 
yielding  in  two  modes.  Therefore,  the  tables  are  first  used  to  locate  any  beam 
sections  whose  characteristic  lengths,  L^(  are  approximately  equal  to  the 
specified  beam  span,B.  If  a  suitable  section  can  be  located,  its  resistance 
function  corresponding  to  L  =  L^v  may  then  be  used  to  compute  the  permissible 
beam  spacing.  However,  when  short  spans  and  heavy  loads  are  involved,  it 
will  be  found  that  a  reasonable  beam  spacing  can  only  be  obtained  by  selecting 
a  beam  section  whose  characteristic  jj  length  is  appreciably  greater  than 
the  specified  span  L.  In. such  cases,  shear  will  control  the  design  and  a 
portion  of  the  potential  flexural  capacity  of  the  section  must  remain  unused. 
Figure  3-3  illustrates  the  limiting  flexural  capacities  for  uniformly  loaded 
steel  beams,  of  length  L  feet,  spaced  a  distance  B  feet  apart.  In  those  few 
cases  where  the  shearing  stress  does  not  control  the  design,  a  section  with 
adequate  flexural  resistance  can  be  selected  directly  from  the  tables. 

Local  buckling  constitutes  a  third  possible  mode  of  failure  for  rolled 
steel  beams.  Safeguards  against  such  an  occurence  are  provided  by  specifying 
critical  limiting  dimensions  for  the  beam,  as  listed  below'  '.  Reference  can 
be  made  to  Table  3-1  to  obtain  dimensional  properties  of  the  standard  sections. 


b/tf  <17 


d/tw<70  (with  longitudinal  stiffeners) 


L  v  (5-3.  33 
cv  M 


1J 


r 

g 


3-20 


1 


Table  3-2 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY  LOADED 
_ SIMPLY-SUPPORTED  STEEL  BEAMS _ _ 


Lfv 

ft. 

Shape 

q  BL 

MBSM 

fdy 

(L<Lfv> 

H 

1. 

22.  11 

36  WF  300 

0. 2627 

0,01188 

5.808 

2. 

21.97 

36  WF  280 

0.2460 

0.01120 

5.404 

3. 

21.  21 

36  WF  260 

0. 2349 

0.01108 

4.983 

4. 

20.  91 

36  WF  245 

0. 2230 

0.01066 

4.663 

5. 

20.  50 

36  WF  230 

0. 2127 

0.01037 

4.  360 

6. 

•  20.40 

14  WF  426 

0. 1973 

0.009668 

4.025 

7. 

19.98 

3  3  WF  240 

0. 2123 

0.01063 

4.242 

8. 

19.97 

14  WF  398 

0. 1862 

0.009323 

3.718 

9. 

19.61 

14  WF  370 

0. 1741 

0.008879 

3.413 

10. 

19.  53 

33  WF  220 

0. 1983 

0.01015 

3.872 

11. 

19.  14 

33  WF  200 

0. 1829 

0.009556 

3.  502 

12. 

19.  02 

14  WF  314 

0.1488 

0.007825 

2.  831 

13. 

18.97 

30  WF  210 

0. 1793 

0.009449 

3.401 

14. 

18.  60 

30  WF  190 

0. 1642 

0.008826 

3.054 

15. 

18.  53 

14  WF  287 

0. 1378 

0.007440 

2.  554 

16. 

18.  35 

14  WF  264 

0. 1268 

0.006908 

2.  326 

17. 

18.  17 

1 4  WF  246 

0. 1183 

0.006512 

2.151 

18. 

18.  12 

30  WF  172 

0. 151 5 

0.008360 

2.  746 

19. 

17.  99 

14  WF  228 

0..  1099 

0„  006109 

1,978 

20. 

17,.  98 

14  WF  237 

Q.  1147 

0.006377 

2,  062 

21. 

17.  86 

14  WF  219 

0. 1058 

0.005921 

1.889 

22. 

17.  69 

14  WF  184 

0„  08833 

0.004994 

L  562 

23. 

17.  68 

14  WF  202 

0.09783  ’ 

0.  005534 

1 . 730 

24. 

17.  59 

14  WF  211 

0.,  1031 

0.  005860 

1.813 

25. 

17,  55 

14  WF  193 

0,  09367 

0. 005337 

1.644 

'26. 

17.  49 

24  WF  160 

0.  1228 

0. 007020 

2.  146 

27. 

17.  25 

14  WF  158 

0.07683 

0. 004454 

1  .  325 

28. 

17.  25 

14  WF  176 

0.  08625 

0. 005001 

l  .  488 

29.. 

17.  13 

27  WF  177 

0.  1506 

0. 008793 

2.  579 

30. 

17.  12 

l 

1  4  WF  150 

0. 07308 

0. 004270 

1.251 

i 


Table  3-2  (Continued) 


Lf  V 

ft. 

Shape 

q  BL 

3® 

*dy 

<L  =  Lfv> 

qfBL2 

^dy 

(L<Lfv> 

idy 

(L>Lfv) 

31. 

17.  09 

27  WF  160 

0.  1367 

0.008000 

2.  335 

32. 

17.  08 

14  WF  167 

0. 08208 

0.004805 

1. 402 

33. 

16.  93 

24  WF  145 

0.  1138 

0.006719 

1.926 

34. 

16.  79 

27  WF  145 

0. 1247 

0.007428 

2.  093 

35. 

16.  50 

14  WF  142 

0. 07150 

0. 004334 

1.180 

36. 

16.  30 

36  WF  194 

0.  2179 

0.01337 

3.  552 

37. 

16.  29 

14  WF  127 

0. 06417 

0. 003939 

1 . 045 

38. 

16.  22 

14  WF  119 

0.06000 

0.003700 

0.  973 

39. 

16.  18 

14  WF  136 

0. 06942 

0.004292 

1.123 

40. 

16.  18 

36  WF  182 

0. 2052 

0.01268 

3.  320 

41. 

16.  17 

24  WF  130 

0.  1057 

0. 006535 

1.709 

42. 

16.09 

14  WF  103 

0. 05208 

0. 003237 

0, 83H0 

43. 

16.  04 

36  WF  170 

0.  1924 

0.01200 

3.086 

44. 

15.97 

14  WF  111 

0. 05683 

0.003560 

0.907 

45. 

15.  86 

14  WF  87 

0. 04417 

0.002785 

0. 7005 

46. 

15.  77 

14  WF  95 

0. 04892 

0.003102 

0. 7714 

47. 

15.  62 

21  WF  142 

0. 1058 

0.006776 

1.653 

48. 

15.  61 

36  WF  160 

0. 1848 

0.011B4 

2.886 

49. 

15.  58 

21  WF  127 

0, 09442 

0. 006059 

1.471 

50, 

15.  56 

33  WF  152 

0. 1661 

0. 01068 

2.  584 

51. 

15.  21 

21  WF  112 

0. 08467 

0. 005567 

1.288 

52. 

15.  18 

36  WF  150 

0. 1768 

0. 01165 

2.684 

53. 

15.  01 

33  WF  141 

0.  1583 

0. 01054 

2.375 

54. 

14.  99 

24  WF  120 

0. 1040 

0. 006939 

1.559 

55. 

14.  98 

12  WF  190 

0.09633 

0. 006433 

1.443 

56. 

14.  93 

24  WF  110 

0. 09542 

0.006393 

1.424 

57. 

14,  70 

24  WF  100 

0. 08758 

0.005957 

1 . 288  • 

58. 

14.59 

12  WF  161 

0. 08225 

0.005637 

1.200 

59. 

14.  22 

3  3  WF  130 

0.1518 

0.01067 

2.158 

60, 

14.  20 

14  WF  84 

0. 04742 

0. 003339 

0.6734 

61. 

14.  15 

1  2  WF  133 

0. 06867 

0.004855 

0.9714 
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Table  3-2  (Continued) 


Lf  V 

ft. 

Shape 

^dy 
<  Lfy) 

qB 

fdy 

<L  =  L£v> 

qfBL2 

^dy 

(L>Lfv) 

62. 

14.03 

18  WF 

114 

0. 08183 

0.005833 

1.148 

63. 

14.  00 

12  WF 

120 

0. 06450 

0.004818 

0.8636 

64*. 

13.94 

30  WF 

132 

0. 1450 

0.01040 

2.022 

65. 

13.92 

36  WF 

135 

0. 1693 

0.01216 

2.  357 

66. 

13.80 

14  WF 

78 

0.04500 

0.003260 

0.6212 

67. 

1  3.  79 

14  WF 

320 

0. 1988 

0.01442 

2.742 

68. 

13.77 

18  WF 

105 

0.07617 

0.005532 

1.049 

69. 

13.66 

30  WF 

124 

0.1380 

0.01010 

0.886 

70. 

13.56 

18  WF 

96 

0.07042 

0.005195 

0.9545 

71. 

13.42 

12  WF 

106 

0.05633 

0.004199 

0.7559 

72. 

1  3.  31 

12  WF 

99 

0. 05275 

0.003964 

0.7020 

73. 

1  3.  23 

12  WF 

85 

0. U46U0 

0.003389 

0.5976 

74. 

13.  26 

16  WF 

96 

0. 06500 

0.004902 

0.8620 

75. 

13.23 

33  WF 

118 

0. 1449 

0.01095 

1.918 

76. 

13.  15 

27  WF 

114 

0. 1208 

0, 009185 

1.588  . 

77. 

13.  14 

30  WF 

116 

0.1330 

0.01012 

1.747 

78. 

13.  13 

12  WF 

92 

0.04950 

0.003771 

0.6498 

79. 

12.92 

12  WF 

79 

0. 04275 

0.003310 

0.5522 

80. 

12.  85 

27  WF 

102 

0.1097 

0. 008536 

.  1.409 

81. 

12.  81 

12  WF 

72 

0. 03908 

0.003052 

0.5005 

82. 

12.  80 

16  WF 

88 

0.06117 

0.004780 

0. 7828 

83. 

12.  68 

12  WF 

65 

0.03542 

0.002793 

0.4492 

84. 

12.  40 

27  WF 

94 

0. 1038 

0.008370 

1.286 

85. 

12.  37 

30  WF 

108 

0. 1293 

0.01045 

1.  599 

86. 

12.  27 

12  WF 

58 

0. 03267 

0.002664 

0.4007 

87. 

12.27 

14  WF 

74 

0. 04733 

0.003858 

0. 5808 

88. 

12.  22 

10  WF 

112 

0. 05592 

0.004575 

0.6835 

89. 

12.  09 

14  WF 

68 

0. 04400 

0.003640 

0. 5320 

90. 

12.09 

24  WF 

94 

0. 09692 

0.008017 

1.  1  72 

91. 

11. 94 

14  WF 

61 

0. 03975 

0.003329 

0.4747 

92. 

11. 88 

10  WF 

100 

0.  05075 

0.004274 

0.6027 
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Lfv 

ft. 

- - - - . - - — - - 

Shape 

qB 

<L  =  Lfv> 

qfBL2 

fdy 

<L>Lfv) 

93. 

1  1. 74 

24  WF 

84 

0. 08833 

0. 007525 

1.037 

94. 

11.74 

30  WF 

99  . 

0.  1231 

0. 01049 

1,444 

95. 

11.66 

10  WF 

89 

0.04550 

0.003904 

0,5303 

96. 

11.  55 

12  WF 

53 

0.03133 

0. 002713 

0. 3620 

97. 

11.47 

27  WF 

84 

0.09808 

0. 008555 

1.125 

98. 

11.44 

10  WF 

77 

0.03958 

0. 003460 

0.4529 

99. 

11.  38 

10  WF 

54 

0.02725 

0.002395 

0. 3101 

100. 

11.36 

18  WF 

77 

0. 06533 

0. 005750 

0. 7424 

101. 

11.  36 

18  WF 

85 

0. 07233 

0.006369 

0.8215 

102. 

11.  34 

10  WF 

66 

0. 03383 

0.002983 

0. 3838 

103. 

11.  34 

21  WF 

96 

0.09233 

0.008142 

1.0470 

104. 

11 .  33 

10  WF 

60 

a 

0. 002714 

0.  3185 

105. 

11.20 

24  WF 

76 

0. 08267 

0. 007381 

0.9259 

106. 

1 1.  14 

24  I 

105.  9 

0. 1135 

0. 01019 

1.2640 

107. 

1 1.  12 

18  WF 

70 

0.06025 

0. 005418 

0.6700 

108. 

11.  10 

10  WF 

72 

0. 03775 

0. 003400 

0.4192 

109. 

11.09 

10  WF 

49 

0. 02517 

0. 002269 

0.2791 

110. 

11.  07 

21  WF 

82 

0.08017 

0. 007244 

0.8872 

111. 

11. 00 

18  WF 

64 

0.05542 

0. 005040 

0.6094 

1 12. 

10.  73 

18  WF 

45 

0.03875 

0.003611 

0.4158 

113. 

10.  63 

21  WF 

73 

0.07492 

0.007049 

0.7963 

1  M. 

10.  48 

16  WF 

78 

0.06425 

0.006131 

0.6734 

115. 

10.  43 

21  WF 

68 

0.07083 

0.006790 

0.7391 

116. 

10.  38 

14  WF 

53 

0. 03892 

0. 003749 

0. 4040 

117. 

10,  38 

24  WF 

68 

0. 07817 

0. 007531 

0.8114 

1  18. 

10.  33 

16  WF 

71 

0. 05900 

0.005712 

0.6094 

119. 

10.  20 

14  WF 

48 

0. 03567 

0. 003499 

0. 3636 

120. 

10.  15 

16  WF 

64 

0. 05375 

0.005297 

0.5455 

121 . 

10.  13 

21  WF 

62 

0. 06583 

0. 006502 

0.6667 

122. 

10.  13 

24  I 

79.  9 

0. 09275 

0.009158 

0.9394 

123, 

9.  98 

1  2  WF 

50 

0. 03375 

0.003383 

0. 3367 
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Table  3-2  (Continued) 


Lfv 

ft. 

Shape 

isiB 

qB 

qfBL2 

■SHI 

i 

My 

*L  =  Lfv> 

fdy 

(^>Lfv) 

124. 

9.97 

12  WF 

40 

0. 02675 

0.002684 

0. 2667 

125. 

9.95 

14  WF 

43 

0, 03242 

0.003260 

0. 3224 

126. 

9.95 

16  WF 

58 

0. 04942 

0.004968 

0. 4916 

127. 

9.85 

12  WF 

45 

0.03050 

0.003098 

0. 3003 

128. 

9.  82 

10  WF 

45 

0. 02592 

0. 002641 

0, 2544 

129. 

9.  71 

18  WF 

60 

0. 05842 

0.006016 

0. 5673 

1  30. 

0.  52 

24  1 

120 

0.1450 

0.01523 

1.3800 

131. 

9.  50 

8  WF 

67 

0. 03417 

0.003597 

0.3246 

132. 

9.43 

18  WF 

55 

0.05483 

U. 005818 

0. 5168 

133. 

9.42 

8  WF 

48 

0.02408 

0.002556 

0. 2269 

134. 

9.  41 

21  WF 

55 

0.06175 

0.006566 

0. 5808 

135. 

9.  26 

18  WF 

50 

0,05033 

0.005433 

0,4663 

136. 

9.25 

10  WF 

39 

0.02350 

0.002541 

0.2173 

137. 

9.  14 

8  WF 

58 

0.03033 

0.003319 

0.2773 

138. 

9.04 

16  WF 

50 

0. 04750 

0.005256 

0.4293 

139. 

8.  81 

•24  I 

90 

0. 1158 

0.01313 

1.0200 

140. 

8.80 

16  WF 

45 

0.04325 

0.004917 

0.3805 

141. 

8.  75 

16  WF 

40 

0. 03850 

0.004403 

0. 3367 

142. 

8.  57 

8  WF 

35 

0. 01875 

0. 002189 

0.1606 

143. 

8.  52 

8  WF 

40 

0. 02167 

0. 002542 

0.1847 

144. 

8.  40  ■ 

12  WF 

36 

0. 02833 

0. 003373 

0.2380 

145. 

8.  33 

14  WF 

38 

0. 03417 

0. 004101 

0.2847 

146. 

8.  32- 

10  WF 

33 

0.02158 

0. 002594 

0.1796 

147. 

8.  31 

20  I 

85 

0.09883 

0.01189 

0.8215 

148. 

8.  29 

20  I 

65,  4 

0. 07675 

0.009258 

0.6364 

149. 

8.  25 

12  WF 

31 

0. 02467 

0.002990 

0.2035 

150. 

8.  20 

8  WF 

31 

0. 01 717 

0,002094 

0. 1407 

151 

8.  05 

14  WF 

34 

0.031 33 

0.003891 

0,2524 

152. 

7.  98 

24  1 

100 

0. 1386 

0.01737 

1 . 1060 

153. 

7,  92 

16  WF 

36 

0.  03733 

0.004713 

0. 2958 

154, 

7.  87 

12  WF 

27 

0. 02233 

0. 002838 

0,1758 
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Table  3-2  (Continued) 


Lfv 

ft. 

Shap 

e 

q  BL 
fdy 

(L<Lfv) 

oB 

fdy 

[L  -  V 

qfB  lz 
fdy 

<L>Lfv> 

155. 

7.  54 

18  I 

54.  7 

0.06367 

0.008449 

0.4798 

156. 

7.  48 

8  M 

24 

0. 01450 

0.001939 

0.1084 

157. 

7.  41 

8  WF 

28 

0. 01692 

0.002282 

0. 1254 

158. 

7.  39 

14  WF 

30 

0. 02950 

0.003992 

0. 2180 

159. 

7.  34 

20  I 

95 

0. 1211 

0.01650 

0.8889 

160. 

7.  33 

8  WF 

24 

0. 01458 

0.001990 

0. 1069 

161. 

7.  28 

16  B 

31 

0. 03425 

0.004702 

0.2495 

1  62. 

7.25 

10  WF 

29 

0. 02217 

0.003060 

0. 1606 

163. 

7.  13 

20  I 

75 

0. 09842 

0.01 380 

0. 7020 

164. 

7.  06 

10  WF 

25 

0. 01933 

0.002738 

0. 1365 

165. 

6.  82 

8  M 

34.  3 

0. 02225 

0.003260 

0. 1519 

166. 

6.  76 

15  I 

42.  9 

0, 04700 

0. 006958 

0. 3175 

167. 

6.  64 

14  B 

26 

0. 02775 

0.004178 

0.  1843 

168. 

6.50 

16  B 

26 

0. 03117 

0.004793 

0. 2027 

169. 

6.  32 

6  M 

25 

0. 01308 

0.002071 

0.0827 

170. 

6. 17 

6  M 

20 

0. 01092 

0.001770 

0. 0673 

171. 

6.09 

14  B 

22 

0. 02500 

0.004107 

0.1522 

172. 

6.  06 

10  WF 

21 

0. 01842 

0.003039 

0.1116 

173. 

6.  04 

6  WF 

25 

0. 01458 

0.  002416 

0.0880 

174. 

6.04 

12  I 

31,8 

0. 03183 

0.  005267 

0. 1924 

175. 

5.93 

12  I 

40.  8 

0. 04092 

0.  006897 

0,2428 

176. 

5.81 

18  I 

70 

0, 09850 

0.  01695 

0.5724 

177. 

5.  80 

8  WF 

20 

0.01525 

0.  002632 

0.0884 

178. 

5.  60 

15  1 

50 

0.06308 

0.01126 

0. 3535 

179. 

5.  56 

10  I 

25.  4 

0. 02333 

0.  004195 

0. 1298 

180. 

5.  47 

12  B 

22 

0. 02483 

0,  004540 

0. 1359 

181. 

5..  28 

12  I 

35 

0. 03892 

0.  007375 

0.2054 

182. 

5.  05 

10  B 

19 

0. 01975 

0.003908 

0.0998 

183. 

5.  00 

12  B 

19 

0.02292 

0,  004581 

0.1146 

184. 

4.  79 

14  B 

17.  2 

0.02358 

0.004924 

0.1130 

L,,5:„ 

4.  59 

1  2  I 

50 

0. 06117 

0.01332 

0. 2808 
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Table  3r3 


RESISTANCE  FUNCTIONS  FOR  UNIFORMLY -LOADED,  FIXED-END  STEEL  BEAMS 
r  .  Y  I  q  B  L  T  TT-  1  tlrBL2  I 


Shape 


q  BL 
fdy 

(L<Lfv) 


f5 

fdy 
=  Lfv) 


fdy 

(L>Lfv) 


1.  39.  59  36  WF  300 

2.  39.30  36  WF  280 

3.  39.05  14  WF  426 

4.  38.  18  14  WF  398 

5.  37.79  36  WF  260 

6.  37.46  14  WF  370 

7.  37. 19  36  WF  245 

8.  36.37  36  WF  230 

9.  36.29  14  WF  314 

10.  35.69  33  WF  240 

11.  35.  30  14  WF  287 

12.  34.  9b  14  WF  264 

13.  34.80  33  WF  220 

14.  34.59  14  WF  246 

15.  34.23  1 4  WF  228 

16.  34.21  1 4  WF  237 

17.  34.08  30  WF  210 

18.  34.02  3  3  WF  200 

19.  33.  97  14  WF  219 

20.  33.  62  14  WF  184 

21.  33.60  14  WF  202 

22.  33.43  14  WF  211 

23.  33.  35  30  WF  190 

24.  33.  35  14  WF  193 

25.  32.  75  14  WF  153 

26.  32.  74  14  WF  176 

27.  32.  48  14  WF  150 

28.  32.  41  14  WF  167 

29.  32.39  30  WF  1  70 

30.  31. 85  24  WF  160 

31.  31.  24  14  WF  142 


0.2627  0.006636  10.398 
0.2460  0.006260  9.668 
0.1973  0.005051  7.703 
0.1862  0.004876  7.109 
0.2349  0.006217  8.877 
0.1741  0.004647  6.522 
0.2230  0.005998  8.292 
0.2127  0.005848  7.734 
0.1488  0.004102  5.401 
0.2123  0.005949  7.579 
0.1378  0.003905  4.866 
0,1268  0.003627  4.429 
0.1983  0.005698  6.898 
0.1183  0.003421  4.093 
0.1099  0.003211  3.763 
0.1147  0.003352  3.923 
0.1793  0.005259  6.110 
0.1829  0.005377  6.223 
0.1058  0.003113  3.592 
0.08833  0.002627  2.970 
0.09783  0.002912  3.288 
0.1031  0.003084  3.446 
0.1642  0.004923  5.475 
0.09367  0.002809  3,123 
0.07683  0.002347  2,516 
0.08625  0.002635  2.824 
0.07308  0.002250  2.374 
0.08208  0.002533  2.661 
0.1515  0.004678  4.907 
0.1228  0.003854  3.910 
0.07150  0.002289  2.234 
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Table  3-3  (Continued) 


Lfv 
ft.  ' 

Shape 

q  BL 

fdy 

(L<Lfv) 

£_B 

fdy- 

(L  =  L,  ) 
fv 

qfBL2 

^dy 

<L>Lfv> 

32. 

30.  83 

14  WF  127 

'  0.  06417 

0.002031 

1.978 

33. 

30.  79 

27  WF  177 

.  0.1506 

0.  004891 

4.  637 

34. 

30.  74 

24  WF  145  ' 

0.  1138 

0.003701 

3.  497 

35. 

30.  71 

27  WF  160 

0. 1367 

0. 004451 

4.  197 

36. 

30.  67 

14  WF  119 

0.  06000 

0.001956 

1,841 

37. 

30.  61 

14  WF  136 

0.  06942 

0.002269 

2.  124 

38. 

30.43 

14  WF  103 

0.  05208 

0.001712 

1.585 

39. 

30.  18 

14  WF  111 

0.  05683 

0.001884 

1.715 

4°.t 

30. 10 

2  7  WF  145 

0.  1247 

0.004141 

3.  753 

41. 

29.97 

14  WF  87 

0.  04417 

0.001474 

1.324 

42. 

29.  78 

1  4  WF  95 

0.04892 

0.001643 

1.457 

43. 

29.22 

24  WF  130 

0.  1057 

0.003616 

3.  088 

44. 

28.  57 

21  WF  142 

0.  1058 

0.003706 

3,023 

45. 

28.49 

21  WF  127 

0. 09442 

0.003314 

2.690 

46. 

28.43 

12  WF  190 

0. 09633 

0.003388 

2.740 

47. 

27.88 

36  WF  194 

0. 2179 

0.007817 

6.  076 

48. 

27.  74 

21  WF  112 

0. 08467 

0.003052 

2.  349 

49. 

27.67 

12  WF  161 

0. 08225 

0.002973 

2.276 

50. 

27.64 

36  WF  182 

0. 2052 

0.007423 

5.  671 

51. 

27.  36 

36  WF  170 

0. 1924 

0.007035 

5.  264 

52. 

26.  86 

24  WF  120 

0.1040 

0.003872 

2.  793 

53. 

26.  77 

12  WF  133 

0. 06867 

0.002565 

1 . 8  39 

54. 

26.  76 

33  WF  152 

-  0.1661 

0.006208 

4.444 

55. 

26.  73 

24  WF  110 

0.09542 

0.003570 

2.  551 

56. 

26.  66 

14  WF  84 

0. 04742 

0.001779 

1.264 

57. 

26.  50 

36  WF  160 

0. 1848 

0.006975 

4.  898 

58. 

26.  30 

24  WF  100 

0. 08758 

0.003332 

2.  302 

59. 

25.86 

14  WF  78 

0.04500 

0.001741 

1.164 

60. 

25.  82 

14  WF  320 

0.  1988 

0.007700 

5.  1  35 

61. 

25.  76 

18  WF  114 

0.08183 

0.003176 

2.109 

62. 

25.  66 

33  WF  141 

0.  1583 

0.006168 

4.  060 
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Table  3-3  (Continued) 


Lfv 

ft. 

Shape 

q  £  L 

. 

<L  =  Lfv> 

qfBL2 

fdy 

<L<V 

fdy 

<L>Lfv) 

63, 

25.63 

36 

WF 

150 

0. 17(6(8 

0.006900 

4.  533 

64. 

25.  31 

12 

WF 

106 

0.  05633 

0.002225 

1.426 

65. 

25.  27 

12 

WF 

120 

0. 06450 

0.002553 

1.630 

66. 

25.  24 

18 

WF 

105 

0. 07617 

0.003017 

1.923 

67. 

25.  14 

36 

WF 

135 

0. 1693 

0.007318 

3.915 

68. 

25.  08 

12 

WF 

99 

.  0.05275 

0.002102 

1 .  324 

69. 

25.  05 

12 

WF 

85 

0.  04500 

0.001797 

1.127 

70. 

24.  82 

18 

WF 

96 

0.  07042 

0.002838 

1.  748 

71. 

24.  73 

12 

WF 

92 

0.  04950 

0.002001 

1.225 

72. 

24.  50 

16 

WF 

96 

0.  06500 

0.002645 

1 .  592 

73. 

24.  32 

12 

WF 

79 

0.  04275 

0.001758 

1.040 

74. 

24.  10 

12 

WF 

72 

0.03908 

0.001622 

0.  9418 

75. 

24.  08 

33 

WF 

130 

0. 1518 

0.006302 

3.  654 

76. 

23.  95 

30 

WF 

132 

0.  1450 

0.006053 

3.  474 

77. 

23.  85 

12 

WF 

65 

0.  03542 

0.001485 

0.8447 

78. 

23.  56 

16 

WF 

88 

0.06117 

0.002595 

1.442 

79. 

23.  39 

30 

WF 

124 

0. 1380 

0.005900 

3.228 

80. 

23.  21 

10 

WF 

112 

0.  05592 

0.002409 

1.298 

81. 

23.  01 

12 

WF 

58 

0.03267 

0.  001420 

0.7518 

82. 

22.  79 

14 

WF 

74 

0.04733 

0.002077 

1.079 

83. 

22,  77 

27 

WF 

114 

0. 1208 

0.005306 

2.  748 

84. 

22.  52 

10 

WF 

100 

0.05075 

0. 002254 

1 .  143 

85. 

22.  43 

14 

WF 

68 

0.04400 

0. 001962 

0.9867 

86. 

22,  34 

30 

WF 

116 

0.1330 

0.005953 

2.972 

87. 

22,  17 

27 

WF 

102 

0.  1097 

0.004948 

2.431 

88. 

22.  13 

14 

WF 

61 

0.03975 

0.001796 

0.8798 

89. 

22.  10 

33 

WF 

118 

0. 1449 

0.006558 

3. 203 

90. 

22.  08 

10 

WF 

89 

0. 04550 

0.002061 

1 . 004 

91. 

21.65 

10 

WF 

77 

0. 03958 

0,001829 

0.8569 

92. 

21.59 

1  2 

WF 

53 

0. 03133 

0,001452 

0. 6764 

93. 

21. 52 

10 

WF 

54 

0.  02725 

0.001266 

0.  5865 
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Table  3-3  (Continued) 


Lfv 

ft. 

Shape 

q  BL 

qB 

qf  B  l.4 

fdy 

<L<LfV> 

^dy 

(B  =  Lfv) 

^dy 

94. 

21.  46 

10  WF 

66 

0.03383 

0.001577 

0. 7259 

95. 

21.  43 

10  WF 

60 

0. 03075 

0.001435 

0.6590 

96. 

21.  26 

27  WF 

94 

0. 1038 

0.  004880 

2.  206 

97. 

21.  05 

24  WF 

94 

0.09692 

0.004605 

2.  040 

98. 

20.  97 

10  WF 

72 

0. 03775 

0.001800 

0. 7918 

99. 

20.  95 

10  WF 

49 

0. 02517 

0.001202 

0. 5272 

100. 

20,  '81 

30  WF 

108 

0. 1293 

0.006210 

2.  690 

101. 

20.  43 

18  WF 

77 

0. 06533 

0.003198 

1.  335 

102. 

20.  41 

18  WF 

85 

0. 07233 

0.003542 

1.477 

103. 

20,  35 

24  WF 

84 

0.  08833 

0.004342 

1.797 

104. 

20.  00 

21  WF 

96 

0. 09233 

0.004616 

1.847 

105. 

19.95 

18  WF 

70 

0.06025 

0.003021 

1.202 

106. 

19.  70 

18  WF 

64 

0.05542 

0.002813 

1 . 092 

107. 

19.53 

18  WF 

45 

0.03875 

0.001984 

0. 7569 

108. 

19.53 

30  WF 

99 

0.1231 

0.006300 

2.405 

109. 

19.45 

21  WF 

82 

0, 08017 

0.004121 

1.560 

no. 

19.40 

27  WF 

84 

0. 09808 

0.005057 

1.903 

111. 

19.27 

24  WF 

76 

0. 08267 

0. 004291 

1.593 

112. 

19.25 

24  I 

105.  9 

0.  1135 

0.005897 

2.185 

113. 

19.01 

14  WF 

53 

0. 03892 

0.002047 

0. 7398 

114. 

18.  94 

16  WF 

78 

0.06425 

0.003393 

1.217 

115. 

18.  64 

14  WF 

48 

0. 03567 

0.001914 

0.6647 

116. 

18.  63 

16  WF 

71 

0.05900 

0.003167 

1.099 

117. 

18.  52 

21  WF 

73 

0. 07492 

0,004047 

1. 387 

118. 

18.  44 

12  WF 

50 

0.03375 

0. 001 831 

0.6222 

119. 

18.  42 

12  WF 

40 

0.02675 

0.001452 

0. 4927 

1  20. 

18.  40 

10  WF 

45 

0.02592 

0.001 409 

0. 4767 

121. 

18.  27 

16  WF 

64 

0. 05375 

0.002942 

0.  9821 

122. 

18.  18 

12  WF 

45 

0. 03050 

0.001678 

0.  5545 

1  23. 

18.  13 

14  WF 

43 

0. 03242 

0. 001  788 

0. 5879 

124. 

18.  11 

21  WF 

68 

0. 07083 

0.003910 

1.  284 
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Table  3-3  (Continued) 


Lfv 

ft. 

Shape 

*dy 

<L  =  Lfv> 

qfBL2 

fdy 

(L<lJfv) 

fdy 

<L>Lfv> 

125. 

18.  01 

8  WF 

67 

0. 03417 

0. 001897 

0.6153 

126. 

17.  87 

16  WF 

58 

0.  04942 

0. 002766 

0.8831 

127. 

17.85 

8  WF 

48 

0.02408 

0. 001349 

0.4300 

128. 

17.  62 

24  WF 

68 

0. 07817 

0. 004435 

1.378 

129. 

17.  52 

21  WF 

62 

0.06583 

0. 003761 

1.153 

1  30. 

17.  29 

8  WF 

58 

0.03033 

0.001755 

0.5245 

1  31. 

17.  26 

10  WF 

39 

0.  02350 

0.001361 

0.4057 

1  32. 

17.  17 

24  I 

79.  9 

0.09275 

0.005405 

0.1592 

1  33. 

17.  08 

18  WF 

60 

0.05842 

0.003420 

0.9979 

1  34. 

16.  51 

18  WF 

55 

0.  05483 

0.003322 

0.9051 

135. 

16.  18 

18  WF 

50 

0.05033 

0.003110 

0.8146 

1  JO. 

1  6.  14 

8  Wf 

35 

0. 01875 

0.001162 

0.3026 

137. 

16.  07 

21  WF 

55 

0.06175 

0.003844 

0.9920 

128. 

16.  06 

8  WF 

40 

0.  02167 

0.001349 

0.3479 

139. 

16.  01 

24  I 

120 

0. 1450 

0.009058 

2.  322 

140. 

15.99 

16  WF 

50 

0.  04750 

0,002971 

0.7596 

141. 

15.  51 

16  WF 

45 

0.  04325 

0.002789 

0. 6708 

142. 

15.41 

10  WF 

33 

0. 02158 

0.001401 

0.3327 

143. 

15.40 

8  WF 

31 

0. 01717 

0.001115 

0. 2644 

144. 

15.  40 

16  WF 

40 

0. 03850 

0.002500 

0. 5929 

145. 

15.  25 

12  WF 

36 

0. 02833 

0. 001858 

0.4322 

146. 

14.  95 

12  WF 

31 

0. 02467 

0. 001650 

0. 3688 

147. 

14.  84 

14  WF 

38 

0. 03417 

0.002302 

0. 5072 

148. 

14.  53 

24  1 

90 

0. 1158 

0. 007965 

1.682 

149. 

14.  29 

14  WF 

34 

0. 03133 

0. 002193 

0. 4477 

150. 

14.  19 

12  WF 

27 

0. 02233 

0.001574 

0. 3169 

151. 

14.  10 

20  I 

85 

0. 09883 

0.007010 

1.394 

152. 

14,  02 

20  I 

65.  4 

0. 07675 

0.005474 

1.076 

1  53. 

13.  95 

8  M 

24 

0. 01450 

0.001040 

0. 2022 

154. 

13.  84 

8  WF 

28 

0. 01692 

0.001223 

0. 2341 

155. 

13.  76 

16  WF 

36 

0. 03733 

0.002713 

0. 5138 
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Table  3-3  (Continued) 


LJfv 

ft. 

Shape 

q  BL 

‘V 

fdy 

<L  =  V 

qfBL2 

■EEH 

32 

fdy 

<L>Lfv> 

156. 

13.67 

8  WF 

24 

0. 01458 

0.001067 

0.1993 

157. 

13.  21 

10  WF 

29 

0. 02217 

0.001678 

0.2929 

158. 

12.  96 

14  WF 

30 

0. 02950 

0.002277 

0. 3823 

159. 

12.  86 

24  I 

100 

0. 1386 

0.01077 

1.783 

160. 

12.  84 

10  WF 

25 

0. 01933 

0.001505 

0.2483 

161. 

12.  76 

18  1 

54.  7 

0. 06367 

0.004989 

0.8126 

162. 

12.66 

8  M 

34.  3 

0. 02225 

0.001758 

0. 2817 

163. 

12.49 

16  B 

31 

0. 03425 

0.002742 

0.4278 

164. 

12.  15 

20  I 

95 

0. 1211 

0.009960 

1.472 

165. 

11.94 

6  M 

25 

0. 01308 

0.001096 

0.1562 

166. 

1 1. 70 

20  I 

75 

0. 09842 

0. 008409 

1.152 

167. 

11.  61 

6  M 

?.n 

0. 01 092 

0. 0009405 

0. 1267 

168. 

11.60 

15  I 

42.  9 

0. 04700 

0.004052 

0.5452 

169. 

11. 47 

14  B 

26 

0.02775 

0. 002419 

0.3183 

170. 

11.  31 

6  WF 

25 

0.01458 

0.001289 

0.1650 

171. 

11.  10 

6  WF 

20 

0.01175 

0.001058 

0.1305 

172. 

10.  93 

16  B 

26 

0.03117 

0. 002852 

0.3406 

173. 

10.  84 

10  WF 

21 

0. 01842 

0.001699 

0. 1997 

174. 

10.  57 

8  WF 

20 

0.01525 

0. 001443 

0.1611 

175. 

10.  57 

12  I 

31.  8 

0. 03183 

0.003011 

0.3366 

176. 

10.  38 

12  I 

40.  8 

0.04092 

0. 003941 

0.4248 

177. 

10.  36 

14  B 

22 

0.02500 

0.002413 

0.2591 

178. 

9.  87 

10  I 

25.  4 

0.02333 

0. 002364 

0.2303 

179. 

9.  35 

12  B 

22 

0.02483 

0.002657 

0.2322 

180, 

9.  31 

18  I 

70 

0.09850 

0.01058 

0.9172 

181. 

9.  30 

15  I 

50 

0. 06308 

0. 006787 

0. 5864 

182. 

9.  29 

8  WF 

17 

0. 01417 

0.001525 

0. 1316 

183. 

9.  04 

12  I 

35 

0. 03892 

0.004306 

0. 3518 

184. 

8.  98 

5  M 

18.  9 

0. 01075 

0.001 197 

0.  09634 

185. 

8.  84 

8  M 

17 

0. 01475 

0.001669 

0. 1303 

186. 

8.  83 

6  WF 

15.  5 

0. 01092 

0. 001 236 

0.  09643 
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Table  3-3  (Continued) 


Lfv 

ft. 

Shape 

q  BJL 

qB 

fdy 

^  =  J-fv> 

qfBB2 

fdy 

CL<Lfv> 

fdy 

<L 

187. 

8,  79 

10  B 

19 

0. 01975 

0.002247 

0.1736 

188. 

8.43 

8  I 

184 

0. 01608 

0.  001909 

0. 1 355 

189. 

8.  41 

12  B 

19 

0. 02292 

0.002724 

0.1928 

190. 

8.  39 

6  B 

16 

0. 01175 

0.001401 

0.09855 

191. 

7.  80 

10  B 

17 

0. 01892 

0.  002426 

0.1475 

192. 

7.  71 

14  B 

17.  2 

0. 02358 

0. 003060 

0.1818 

193. 

7.  70 

12  1 

50 

0. 06117 

0.  007948 

0.4708 

194. 

7.  69 

7  I 

15.  3 

0. 01292 

0.001680 

0.09931 

195. 

7.  17 

8  B 

15 

0. 01533 

0.002139 

0.1099 

196. 

7.08 

12  B 

16.  5 

0. 02200 

0.  003107 

0.1558 

197. 

6.  95 

6  1 

12.5 

0. 01008 

0.001451 

0.07007 

198. 

6.86 

12  B 

14 

0. 01908 

0.002782 

0.1309 

199. 

6.82 

10  B 

15 

0. 01817 

0.002664 

0,1239 

200. 

6.76 

8  B 

10 

0. 01058 

0.001567 

0.07150 

201. 

6.60 

10  B 

11.  5 

0. 01417 

0.002146 

0.09352 

202. 

6.49 

8  M 

20 

0. 02150 

0.003312 

0. 1396 

203. 

6.  29 

8  B 

13 

0. 01433 

0.002279 

0. 09015 

204. 

6.  26 

12  Jr 

11.  8 

0. 01675 

0.002675 

0.1049 

205. 

6.  04 

10  I 

35 

0. 04467 

0.007402 

0.2696 

206. 

5.  77 

8  1 

23 

0. 02625 

0.004552 

0.1514 

207. 

5.  55 

10  Jr 

9 

0. 01242 

0. 002237 

0.06893 

208. 

4.84 

7  I 

20 

0. 02333 

0.004826 

0. 1 128 
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Table  3-4 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY -LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY- SUPPORTED 


L/v 

ft. 

Shape 

L 

ep 

ft. 

%bl 

*dy 

(L,  <  L  ) 

'  ep' 

fdy 

(Li  C  L  <  L.  ) 
v  ep  fv' 

9B 

*dy 

(L  =  Lfv> 

q£BL2 

*dy 

<L>LfVi 

1. 

35.  22 

36  WF  300 

21. 85 

0. 2101 

0.2627 

- 

1. 148/L 

0.006533 

8.103 

2. 

34.  97 

36  WF  280 

21.66 

0. 1968 

0.2460 

- 

1,066/L 

0.006164 

7.536 

3. 

34.  39 

14  WF  426 

23.  31 

0.  1578 

0.  1973 

0.9196/L 

0.004958 

5.864 

4. 

33.64 

36  WF  260 

2C.  72 

0. 1879 

0.  2349 

0.  9735/L 

0.006122 

6.930 

5. 

33.  63 

14  WF  398 

22.  77 

0.  1489 

0. 1862 

- 

0.  8478/L 

0.  004786 

5.413 

6. 

33.  12 

36  WF  245 

20.  34 

0.  1784 

0.  2230 

0.9073/L 

0.  005906 

6.478 

7. 

33.  00 

14  WF  370 

22.32 

0.  1393 

0. 1741 

0,  7770/L 

0.  004562 

4.967 

B. 

32.  40 

36  WF  230 

19.83 

0.  1701 

0.  2127 

0.  8436/L 

0.  005760 

6.047 

9. 

31.97 

14  WF  314 

21.58 

0. 1191 

0. 1488 

0.6425/1. 

0.  004027 

4. 116 

10. 

31. 77 

33  WF  240 

19.  64 

0.  1699 

0.2123 

- 

0.  8341  /Li 

0.  005858 

5.911 

11. 

31.11 

1  14  WF  287 

20,  97 

0. 1103 

n,  1378 

9.5780/1. 

0.  003234 

3,710 

12. 

30.98 

33  WF  220 

19.  08 

0.  1586 

0.  1983 

0.  7566/L 

0.005611 

5.  386 

13. 

30.80 

1 4  WF  264 

20.74 

0.  1014 

0.1268 

0. 5259/L 

0.  003561 

3.378 

14. 

30.49 

14  WF  246 

20.52 

0.  09467 

0. 1183 

0.4857/L 

0.003359 

3.122 

15. 

30.  30 

30  WF  210 

18,89 

0.  1434 

0.1793 

- 

0. 6773/L. 

0.  005177 

4.755 

16. 

30.  29 

3  3  WF  200 

18.60 

0. 1463 

0. 1829 

0.  6803/1. 

0.  005296 

4.862 

17. 

30.  17 

14  WF  228 

20.  30 

0. 08793 

0. 1099 

0.  4462/1. 

0, 003153 

2,870 

18. 

30. 16 

14  WF  237 

20.29 

0.  09173 

0.1147 

0,  4652/1. 

0,003291 

2.993 

19. 

29.94 

14  WF  219 

20.13 

0.08460 

0. 1058 

0.  4258/1, 

0.003057 

2.741 

20. 

29.  66 

30  WF  190 

18.43 

0.  1313 

0. 1642 

- 

0.  6052/1. 

0. 004847 

4.264 

21. 

29.  64 

14  WF  184 

19.92 

0.  07067 

0.08833 

0.  3519/1* 

0. 002580 

2.266 

22. 

29.  62 

14  WF  202 

19.91 

0  .  078  2  7 

0.09783 

0. 3895 /L 

0. 002859 

2.509 

!  23. 

29.  47 

14  WF  211 

19.  80 

0.08247 

0. 1031 

0,  4082/1. 

0.003028 

2.630 

24. 

29.  40 

14  WF  193 

19.74 

0.  07493 

0.09367 

0.  3699/L 

0.002758 

2.  384 

25. 

28.  87 

14  WF  158 

19.  37 

0. 06147 

0.07683 

- 

0.  2976/1. 

0. 002304 

1.921 

26. 

28.  87 

14  WF  176 

19.  37 

0. 06900 

0.08625 

- 

0. 3341 /L 

0.002587 

2.156 

27. 

28.82 

30  WF  172 

17,83 

0. 1212 

0.  1515 

- 

0. 5403/L 

0.004606 

3.826 

28. 

28.  64 

14  WF  150 

19.  20 

0, 05847 

0.07308 

- 

0, 2807 /L 

0.002210 

1.812 

29. 

28.  58 

14  WF  167 

19. 16 

0.06567 

0.08208 

- 

0. 3I46/L 

0.0D2487 

2.031 

30. 

28.  26 

24  WF  160 

17.  96 

0,09820 

0.1228 

- 

0. 4408/L. 

0.003792 

3.028 

31. 

27.  56 

14  WF  142 

18.  43 

0.05720 

0.07150 

- 

0. 2636/L 

0. 002248 

1.707 

32. 

27.  38 

27  WF  177 

17.  08 

0.  1  205 

0. 1 506 

- 

0.  5144/L, 

0.004814 

3.608 

33. 

27.  31 

27  WF  160 

1  7.  03 

0.  1093 

0. 1367 

- 

0,4654/L 

0,004381 

3.266 

34. 

27.  29 

24  WF  145 

17.  26 

0.  09100 

0. 1138 

- 

0. 3927/L 

0.003641 

2.  711 

35. 

27.  19 

14  WF  127 

18.  17 

0. 05133 

0.06417 

- 

0.  2332/.L, 

0,002044 

1 ,  512 

36. 

27.  06 

14  WF  119 

18.  08 

0.04800 

0. 06000 

- 

0.2169/L 

0.001921 

i .  407 

37. 

27.  00 

14  WF  136 

18.  03 

0.05553 

0. 06942 

- 

0.2503/L 

0.002228 

1. 623 
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Table  3-4  (Continued) 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY- LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY-SUPPORTED 


1 - 

m»  r 

e*  >-*> 

•  < 

Shape 

L. 

ep 

ft. 

9vBL 

q  BL 

qB 

qfBL2 

fdy 

'Lep*L<Lfv> 

^dy 

(L  =  Lfy> 

fdy 

(L>L,v) 

38, 

26.34 

TTWF  103 

"  f V. 92~ 

0.  041 67 

0.05203  -  0.1867/L 

0.001681 

1. 211 

39. 

26.73 

27  WP  145 

16.65 

0.09973 

0.  1247  -  0.4151/L 

0.004077 

2.923 

40. 

26.63 

14  WF  111 

17.  76 

0.04547 

0.05683  -  0.2019/L 

0. 001850 

1.  311 

41. 

26.  44 

14  WF  87 

17.63 

0.03533 

0.04417  -  0.155B/L 

0.001448 

1. 012 

42. 

26.28 

14  WF  95 

17.  52 

0.03913 

0.04892  -  0.1714/L 

0.001613 

1.  114 

43. 

25.96 

24  WF  130 

16.  31 

0.08453 

0.  1057  -  0.  3448 /L 

0,003559 

2.  398 

44. 

25.  33 

21  WF  142 

16. 13 

0.08467 

0.  1058  -  0.3424/L 

0.003645 

2.  338 

45. 

25.  26 

21  WF  127 

16.13 

0.07553 

0.09442  -  0.3046/L 

0.003260 

2.081 

46. 

25.07 

12  WF  190 

16.83 

0.07707 

0.09633  -  0.  3242/L 

0.003326 

2.  091 

47. 

24.  99 

36  WF  194 

14.  48 

0.1743 

0.  2179  -  0.6309/L 

0.007711 

4,814 

48. 

24.  78 

36  WF  182 

14.33 

0.1641 

0.2052  -  0.  5879/L 

0.007323 

4.496 

49. 

24.  53 

36  WF  170 

14. 15 

0.1539 

0.1924  -  0.5444/L 

0.006940 

4.  175 

50. 

24.  40 

12  WF  161 

16.35 

0.06580 

0.08225  -  0.  2689/L 

0.002919 

1.738 

51. 

24.21 

21  WF  112 

15.66 

0.  06773 

0.08467  -  0. 2653/L 

0.003002 

1.818 

52. 

23.96 

33  WF  152 

14.  00 

0.1329 

0.1661  -  0.  4649/L 

0.006122 

3.514 

53. 

23.89 

24  WF  120 

14.84 

0.08320 

0.1040  0.30B6/L 

0.003812 

2.176 

54. 

23.  78 

24  WF  110 

14.  76 

0.  07633 

0.09542  -  0.  2816/L 

0.003514 

1.987 

55. 

23.  78 

36  WF  160 

13.61 

0.1479 

0.1848  -  0.5O3Z/L 

0.006883 

3.892 

56. 

23.62 

12  WF  133 

15.79 

0. 05493 

0.06867  -  0.2168/L 

0.002519 

1.405 

57. 

23.  55 

14  WF  84 

15.56 

0.03793 

0.04742  -  0.  14  76/L 

0.001748 

0.9685 

58. 

23.  39 

24  WF  100 

14.48 

0.07007 

0.08758  -  0.2536/L 

0.003281 

1.795 

59. 

23.02 

36  WF  150 

13.  07 

0.1415 

0.  1768  -  0.4623/L 

0.006810 

3.608 

60. 

23.  00 

33  WF  141 

13.  31 

0.1266 

0,  1583  -  0.4213/L 

0.006085 

3.218 

61. 

22.  91 

12  WF  120 

14.  84 

0. 051 60 

0.06450  -  0. 1915/L 

0. 002508 

1.247 

62. 

22.84 

14  WF  78 

15.06 

0.03600 

0.04500  -  0. 1356/L 

0.001710 

0.8924 

63. 

22.82 

18  WF  114 

14.67 

0. 06547 

0,08183  -  0.  2401  /L 

0.003123 

1.628 

64. 

22.  82 

14  WF  320 

15.04 

0.1591 

0,1988  -  0.5982/L 

0.007566 

3.  938 

65. 

22.  37 

18  WF  105 

14.  34 

0.06093 

0.07617  -  0.2185/L 

0.002967 

1.486 

66. 

22.  34 

12  WF  106 

14.88 

0. 04507 

0.05633  -  0. 1676/L 

0.002185 

1.091 

67. 

22.  14 

12  WF  99 

14.74 

0.04220 

0.05275  -  0. 1555/L 

0.002064 

1.013 

68. 

22.  10 

12  WF  85 

14.71 

0. 03600 

0,04500  -  0.  1324/L 

0.001765 

0.8623 

69. 

22.  01 

18  WF  96 

14.  08 

0.05633 

0.07042  -  0.  1 9B3/L 

0.002791 

1.  351 

70. 

21.  83 

1  2  WF  92 

14.  52 

0.03960 

0.04950  -  0.1437/L 

0.001965 

0.9373 

71 . 

21. 69 

16  WF  96 

14.04 

0. 05200 

0.06500  -  0.  1826/L 

0.002609 

1.227 

72. 

21.  62 

33  WF  130 

1  2.  32 

0.1214 

0.  1  518  -  0.  3740/L, 

0.006220 

2.906 

73. 

21.  47 

1  2  WF  79 

14,25 

0.03420 

0,04275  -  0.1218/L 

0.001727 

0.7959 

74. 

21.45 

30  WF  132 

12.  51 

0.1160 

0.  1450  -  0.  3629/L 

0.005970 

2.748 
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Table  3-4  (Continued) 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY -LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY- SUPPORTED 


LIv 

ft. 

Shape 

Lep 

ft. 

q  BL 
fdy 

(L  <L  ) 
v  ep' 

q  B  Li 

*dy 

(L  <L<k  ) 
v  ep  fv' 

9l 

^dy 

(L  =  Lfv> 

qxBi-2 

fdy 

75. 

21.27 

12  WF 

72 

14. 11 

0,  03127 

0,03908 

- 

0, 1103/L 

0.001593 

0.721 l 

76. 

21.06 

12  WF 

65 

13.  96 

0.  02833 

0.03542 

- 

0. 09888/L 

0.001459 

0.6469 

77. 

20.95 

30  WF 

124 

12.  16 

0.1104 

0.1380 

0. 3356/L 

0. 005820 

2.557 

78, 

20.87 

H  WF 

88 

13.  47 

0. 04893 

0.06117 

0.  1648/L 

0. 002552 

1,112 

79. 

20.83 

36  WF 

135 

1 1.  51 

0. 1 354 

0. 1693 

0. 3895/L 

0. 007228 

3.136 

80, 

20.  46 

10  WF 

112 

1  3.  74 

0. 04473 

0.05592 

0.  1  536/L. 

0. 002366. 

0.9907 

81. 

20.  37 

27  WF 

114 

12.  02 

0.09660 

0.1208 

0.2902/L 

0.005231 

2.168 

82, 

20.  33 

12  WF 

58 

13.  43 

0.02613 

0.03267 

0.08777/1, 

0.001395 

0.5762 

83 

20.  16 

14  WF 

74 

1  3.  15 

0.03787 

0.04733 

0. 1244/L. 

0. 002042 

0.8297 

84. 

20.04 

30  WF 

116 

11.51 

0.1064 

0.  1330 

0.  3061/L 

0.005874 

2.360 

85. 

19.  88 

33  WF 

118 

1 1.09 

0.1159 

0. 1449 

0. 3213 /L 

0.006476 

2.560 

86. 

19.86 

10  WF 

100 

1  3,  30 

0.04060 

0.05075 

n  t  wi/l 

0. 002211 

0  8727 

87. 

19.84 

14  WF 

68 

12.92 

0.03520 

0.04400 

0.1137/L 

0.001929 

0,7594 

88. 

19.  84 

27  WF 

102 

11.65 

0.08773 

0.1097 

0.2550/L 

0.004879 

1.920 

89. 

19.59 

14  WF 

61 

12.74 

0.03180 

0. 03975 

0. 1013/L 

0.001766 

0.6773 

90. 

19.47 

10  WF 

89 

13.03 

0.03640 

0.04555 

0. 1 185/1, 

0.002024 

0.  7674 

91. 

19.  10 

10  WF 

77 

12.76 

0.03167 

0.03958 

0.  1010/L 

0.001796 

0.6549 

92. 

19.  08 

12  WF 

53 

12.55 

0.02507 

0.03133 

0.07862/L 

0.001426 

0.5192 

93. 

19.  04 

27  WF 

94 

11.08 

0.08300 

0.1038 

0.2300/1. 

0.004813 

1.746 

94. 

18.99 

10  WF 

54 

12.68 

0. 02180 

0.02725 

0.06911/1, 

0.001243 

0.4483 

95. 

18.  93 

10  WF 

66 

12.  64 

0. 02707 

0.03383 

0.08552/L 

0.001549 

0. 5549 

96. 

18.91 

10  WF 

60 

12.  62 

0. 02460 

0.03075 

0. 07762/L 

0.001409 

0. 5037 

97. 

18.81 

24  WF 

94 

1 1 . 20  . 

0. 07753 

0.09692 

- 

0.  2170/1, 

0.004539 

1.606 

98. 

18.  70 

30  WF 

108 

10.55 

0. 1034 

0.1293 

- 

0.  2  727/1, 

0.006131 

Z.  145 

99. 

18.  51 

10  WF 

72 

12.  34 

0.  03020 

0.03775 

- 

0.0931S/L 

0.001768 

0.6055 

-© 

o 

18.  48 

10  WF 

49 

12.  32 

0.02013 

0.02517 

- 

0. 06201 /L 

0.001 180 

0.4032 

101. 

18.  20 

24  WF 

84 

10.76 

0.  07067 

0. 08833 

- 

0.  1900/L 

0.  004281 

'  1.417 

102. 

18.  16 

18  WF 

77 

1 1.  34 

0. 05227 

0. 06533 

- 

0.  1  481  /L 

0. 003148 

1.039 

103, 

18.  15 

18  WF 

85 

1  1.  33 

0.  05787 

0,07233 

- 

0.  i639/L 

0.  003487 

1.  149 

104. 

1  7.  84 

21  WF 

96 

10.83 

0.07387 

0. 09233 

- 

0.  2000/L. 

0,  004548 

1.447 

105. 

1  7.  74 

18  WF 

70 

1  1.  03 

0. 04820 

0.06025 

- 

0.  1  330/L 

0.  002974 

0.9359 

106. 

17.  59 

30  WF 

99 

9.  75 

0.09847 

0.  1  231 

- 

0.  2401  /L 

0.  006222 

1.925 

107. 

1  7.  52 

18  WF 

64 

10.  88 

0. 04433 

0.  05542 

- 

0.  1Z06/L 

0. 002770 

0.8506 

108. 

17.  42 

27  WF 

84 

9.92 

0. 07847 

0.0980H 

- 

0.  1945/L 

0,004991 

1 .  514 

109. 

1  7.  35 

21  WF 

82 

10.  48 

0.06413 

0.08017 

- 

0.  1681  /L 

0. 004061 

1 . 223 

110. 

1  7.  33 

18  WF 

45 

11 . 00 

0.  03100 

0.03875 

- 

0.  08527/1. 

0.  001952 

0.  5864 

111. 

17.  25 

24  WF 

76 

10.  08 

0.06613 

0.08267 

0.  1 667  /L 

0.004232 

\  .  259 

112. 

17.23 

24  I 

105.  9 

1  0.  M 

0, 09080 

0.1135 

- 

0.  2301  / L 

0.  005814 

1. 725 
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Table  3-4  (Continued) 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY- LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY-  SUPPORTED 


Lfv 

ft. 

Shape 

ft. 

9vBL 

fdy 

<L<  V 

vBL 

^dy 

<LeP<L<L£v> 

91 

*dy 

(L  =  L£v> 

qfBl,2 

^dy 

<L>IW 

113. 

16,85 

14  WF 

53 

10.  78 

0,03113 

0.03892 

- 

0.  08394/L 

0.002014 

0.5719 

114. 

16.  83 

16  WF 

78 

10.  57 

0.05140 

0.06425 

- 

0. 1358/1, 

0.003339 

0,9450 

115. 

16.  56 

16  WF 

71 

10.  38 

0. 04720 

0.05900 

- 

0.  1 225/2. 

0.003117 

0.8544 

116. 

16.  55 

21  WF 

73 

9.85 

0.05993 

0.07492 

- 

0, 1476/L 

0,003989 

1.092 

117. 

16.  53 

14  WF 

48 

10.  55 

0.02853 

0.03567 

- 

0. 07526/L 

0.001883 

0.5142 

118. 

16.  32 

12  WF 

50 

10.  57 

0.02700 

0.03375 

- 

0.07137/L 

0. 001800 

0.4794 

119. 

16.  31 

12  WF 

40 

10.  56 

0.02140 

0.02675 

- 

0, 05652/L 

0,001428 

0. 3797 

120. 

16.  25 

10  WF 

45 

10.  73 

0.02073 

0.02592 

- 

0.U5559/1 

0.001384 

0. 3656 

121. 

16.24 

16  WF 

64 

10.  16 

0. 04300 

0.05375 

- 

0. 1092/L. 

0.002896 

0.  7638 

122. 

16. 19 

21  WF 

68 

9.61 

0.05667 

0.07083 

- 

0.1361/L 

0.003854 

1.011 

123. 

16.10 

12  WF 

45 

10.42 

0.02440 

0.03050 

- 

0. 06354/L 

0.001650 

0.4274 

124. 

16.09 

14  WF 

43 

10.  24 

0,02593 

0. 03242 

0. 06637 /L 

0.001759 

0.4551 

125. 

IS.  89 

16  WF 

50 

9.  90 

0.03953 

0.  04942 

0. 09788/L. 

0.002722 

0.6873 

126. 

15.88 

8  WF 

67 

10.64 

0.02733 

0. 03417 

0.07268/1. 

0.001863 

0.4699 

127. 

15.81 

24  WF 

68 

9.  06 

0.06253 

0.07817 

0. 1416/1* 

0.004376 

1.095 

128, 

15.75 

8  WF 

48 

10.  54 

0.01927 

0.02408 

0.  05076/1, 

0.  001  325 

0.  3285 

129. 

15.67 

21  WF 

62 

9.  23 

0.05267 

0. 06583 

0.1215/1, 

0.003708 

0.9096 

130. 

15.41 

24  I 

79.9 

8,  79 

0.07420 

0.09275 

0. 1631/1, 

0.005334 

1.266 

1  31. 

15.26 

10  WF 

39 

10.  02 

0.01880 

0.02350 

- 

0.04709  /L 

0.001  338 

0. 3115 

1  32. 

15.25 

8  WF 

58 

10.  19 

0.02427 

0.  03033 

0, 06180/L 

0.001.723 

0.4009 

133. 

15.24 

18  WF 

60 

9.  21 

0.04673 

0.  05842 

0. 1076/L 

0.003370 

0.7826 

134. 

14.  74 

1 8' WF 

55 

8.  85 

0.04387 

0. 05483 

0.  09706/L, 

0.003274 

0.7110 

135. 

14.45 

18  WF 

50 

8.65 

0.04027 

0.05033 

0, 08707 

0.  003065 

0.6405 

1  36. 

14.  40 

21  WF 

55 

8.  32 

0.04940 

0.06175 

- 

0.  1028/L 

0. 003792 

0. 7864 

137. 

14.  39 

24  I 

120 

8.  11 

0. 1160 

0.  1450 

0.2353/L 

0.008941 

1.851 

1  38. 

14.  25 

8  WF 

35 

9.47 

0.01500 

0.01875 

- 

0. 03550/L 

0. 001 141 

0.2316 

I  39. 

14.  25 

16  WF 

50 

8.69 

0.03800 

0. 04750 

0. 08257/1 

0. 002926 

0. 5944 

140. 

14.  17 

8  WF 

40 

9.42 

0.01733 

0.02167 

0. 04081 /L 

0.001  326 

0.2663 

141. 

1  3.  83 

16  WF 

45 

8.  39 

0.03460 

0.04325 

- 

0. 07258/L 

0, 002748 

0.5256 

142. 

1  i.  74 

16  WF 

40 

8.  32 

0.03080 

0.03850 

- 

0.06404/L 

0.002463 

0.4648 

143. 

13.64 

10  WF 

33 

8.  86 

0.01727 

0.02158 

- 

0. 03826/L 

0. 001 377 

0.2561 

1  44. 

13.  60 

8  WF 

31 

9.01 

0.01373 

0.01717 

0. 0309Z/L 

0. 001095 

0.2026 

1  45. 

1  3.  54 

12  WF 

36 

8.  57 

0.02267 

0. 02833 

- 

0. 04854/L 

0.  001828 

0. 3351 

146. 

1  3.  28 

12  WF 

31 

8.  37 

0.01973 

0,02467 

- 

0.04131/1 

0. 001624 

0.2862 

1  47. 

1  3.  22 

14  WF 

38 

8.  14 

0.02733 

0.03417 

- 

0.  05562/L. 

0. 002267 

0.3959 

148. 

13.  10 

24  I 

90 

7.  15 

0.09260 

0.1158 

- 

0.  1655/L 

0.  007869 

1.351 

1  49. 

1  2.  73 

14  W.F 

34 

7.  79 

0.02507 

0. 03133 

- 

0.  04883/1 

0. 002160 

0. 3500 

1  50. 

12.  65 

20  I 

85 

7.24 

0. 07907 

0.09883 

- 

0.  1430/L 

0.  006918 

1.108 
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Table  3-4  (Continued) 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY- LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY- SUPPORTED 


L£v 

rt. 

Shape 

l=p 

ft. 

q  BL 
fdy 

(L  <L  ) 
v  ep' 

q  B  L, 
fdy 

(X,  <L<L,  ) 

'  ep  fv 

fdy 

(i  =  ifv) 

q£Bl2 

fdy 

d>ifv) 

151. 

12.61 

12  WF 

27 

7.90 

0.01787 

0.02233 

- 

0.  03527/JL. 

0.001549 

0.2463 

152. 

12.  59 

20  I 

65.  4 

7. 16 

0.06140 

0.07675 

- 

0.1100/L 

0.005402 

0.8563 

153. 

12.  33 

8  M 

24 

8.  09 

0.01160 

0.01450 

- 

0.02345/L 

0.001022 

0.1553 

154, 

12.  30 

16  WF 

36 

7.  30 

0.02987 

0.03733 

- 

0.05451/1, 

0.002674 

0.4048 

155. 

12.  23 

8  WF 

28 

8.  03 

0.01353 

0.01692 

- 

0.02717/1 

0. 001201 

0.1798 

156. 

12.08 

8  WF 

24 

7.  92 

0.01167 

0.01458 

- 

0.02311/1 

0.0Q1049 

0.1531 

157. 

11.  72 

10  WF 

29 

7.  46 

0.01773 

0.02217 

- 

0.03306/1 

0.001651 

0.2267 

1  58. 

11.64 

24  I 

100 

6. 11 

0.1109 

0.1386 

- 

0.  1693/1 

0.001065 

1.445 

159. 

1 1. 57 

14  WF 

30 

6.  96 

0.02360 

0.02950 

- 

0.04106/1 

0.002244 

0. 3001 

160. 

11.46 

18  I 

54.  7' 

6.53 

0,05093 

0.06367 

- 

0.  08321  /I 

0.004923 

0.6462 

161. 

11.40 

10  WF 

25 

7.23 

0.01547 

0.01933 

- 

■0.  02795/1 

0.001481 

0.1924 

1 

i  ! .  ?n 

R  M 

34.  3 

7*  ?9 

0. 01780 

0 . 02225 

- 

G.  03246/Ij 

0. 001 728 

0. 2168 

163. 

11.  19 

16  B 

31 

6.51 

0. 02740 

0.03425 

- 

0.  04459/1 

0.002705 

0. 3387 

164. 

10.  95 

20  1 

95 

6.02 

0.09687 

0.1211 

- 

0.  1458/1 

0.009839 

1.181 

165. 

10.56 

20  I 

75 

5.  72 

0.07873 

0.09842 

- 

0.  1125/L 

0.008309 

0.9270 

166. 

10.  53 

6  M 

25 

7.03 

0.01047 

t).  01  308 

- 

0.01838/1 

0. 001076 

0.1194 

167. 

10.  39 

15  I 

42.9 

6.05 

0.03760 

0. 04700 

- 

0.05691  /1 

0.003957 

0.4313 

168. 

10.  26 

14  B 

26 

6.03 

0.02220 

0.02775 

- 

0.03349/1 

0. 002336 

0. 2513 

169. 

10.  00 

6  WF 

25 

6.  60 

0.01167 

0.01458 

- 

0.01924/1 

0.001266 

.0.1265 

170. 

9.'82 

16  B 

26 

5.53 

0.02493 

0.03117 

- 

0.  03447/1 

0.002816 

0.2716 

171. 

9.  65 

10  WF 

21 

5.98 

0.01473 

0.01842 

- 

0.02201/1 

0.001673 

0. 1556 

172. 

9.  44 

12  1 

31.  8 

5.66 

0.02547 

0.03183 

- 

0.03603/1 

0.002968 

0.2645 

173. 

9.  37 

8  WF 

20 

5.96 

0.01220 

0.01525 

- 

0. 01819/1 

0.001420 

0, 1248 

1  74. 

9.  29 

14  B 

22 

5.34 

0.02000 

0.02500 

- 

0.02672/1 

0.002381 

0.2056 

175. 

9.  27 

12  I 

40.  8 

5.56 

0.03273 

0.04092 

- 

0.04551/L 

0.003884 

0, 3338 

176, 

8.  79 

10  I 

25.  4 

5.  38 

0.01867 

0.02333 

- 

0.02513/1 

0.002329 

0. 1801 

1  77. 

8.  61 

5  WF 

16 

5.73 

0.006867 

0.008583 

- 

0.  009831/1 

0.0008639 

0. 064 1 

178. 

8.  44 

18  1 

70 

4.  38 

0.07880 

0.09850 

- 

0. 08620/1 

0.01046 

0. 7448 

1  79. 

8.  38 

12  B 

22 

4.85 

0. 01987 

0.02483 

- 

0.02407/1 

0.002621 

0.1840 

180. 

8.  37 

15  I 

50 

4.  61 

0.05047 

0.06308 

- 

0.05821/1 

0.006704 

0.4700 

181. 

a,  zb 

8  WF 

17 

5.  16 

0.011 33 

0.01417 

- 

0.  01463/1 

0,001501 

0.1023 

182. 

8,  10 

12  I 

35 

4.  70 

0.031  13 

0.03892 

- 

0.03659/1 

0.004248 

0.2786 

183. 

7.  93 

5  M 

18.  9 

5.  25 

0. 008600 

0.01075 

- 

0. 01130/1 

0.001176 

0.07394 

184. 

7.  36 

8  M 

17 

4.  88 

0.01180 

0.01475 

- 

0.01440/1 

0,001643 

0. 1015 

185. 

7.  86 

10  B 

19 

4.  67 

0.01580 

0.01975 

- 

0. 01845/L 

0.002215 

0,1367 

186. 

7.  82 

6  WF 

15.  5 

5.  05 

0.008733 

0.01092 

- 

0.01 102/L 

0.001215 

0.07439 

187. 

7.  56 

12  B 

19 

4.  26 

0.01833 

0.02292 

- 

0.01954/1 

0.002689 

0.1537 

188. 

7.  50 

8  I 

18.  4 

4.  65 

0,01287 

0.01608 

- 

0, 01494/L 

0.001879 

0. 1056 
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Table  3-4  (Continued) 

RESISTANCE  FUNCTIONS  FOR  UNIFORMLY-LOADED 
STEEL  BEAMS,  ONE  END  FIXED  AND  ONE  END 
SIMPLY-SUPPORTED 


Lfv 

ft. 

Shape 

^ep 

ft. 

9vBL 

% 

BL 

(L  a  L.  ) 

1  £v' 

qfBL2 

f'dy 

<L<V 

*dy 

<LaP<L<1-£v> 

*dy 

(L>Lfv) 

189. 

6.99 

10  B 

17 

4.05 

0.01513 

0.01892 

- 

0.  01533/1, 

0.002393 

0,1169 

190. 

6.  98 

14  B 

17.2 

3.  65 

0. DIES? 

0.02305 

0.  C 1 720 / Ij 

U.  UUJW  < 

U. 1474 

191. 

6.  92 

12  I 

50 

2.  88 

0.04893 

0.06117 

0. 04749/L 

0.007847 

,0. 3758 

192. 

6.  40 

8  B 

15 

3.83 

0.01227 

0.01533 

0.01174/L 

0.002108 

0.08644 

193. 

6.  40 

12  B 

16.  5 

3.  43 

0.01760 

0.02200 

0.  01509/L. 

0.  003071 

'  0.1256 

194. 

6.  20 

12  B 

14 

3.  29 

0.01527 

0.01908 

0. 01257/L 

0.002750 

0.1058 

195. 

6.  13 

10  B 

IS 

3.44 

0.01453 

0.01817 

0. 01249/L 

0.002631 

0,09889 

196. 

6.  04 

8  B 

10 

3.  57 

0.008467 

0.01058 

0,  00756411. 

0.  001545 

0.05637 

197. 

5.  94 

10  B 

11.  5 

3.  31 

0.01133 

0.01417 

0.  009366/L. 

0.002119 

0.07479 

1 9a. 

5.  81 

8  M 

20 

3.42 

0. 01720 

0.02150 

0.01470/1. 

0.003266 

0.1102 

199. 

5.  68 

12  Jr 

11.8 

2.  92 

0.01340 

0.01675 

0.  009771/1. 

0.  002646 

0,08537 

200. 

5.44 

10  I 

35 

2.  99 

0. 03573 

0.04467 

- 

0.  02669 /X, 

0. 007312 

0.2162 

201. 

5.40 

6  B 

8,  5 

3.  31 

O.Q062G0 

0,00775 

- 

0.005135/L 

0.001260 

0.03670 

202. 

5.  17 

8  I 

23 

2.  98 

0. 02100 

0.02625 

- 

0.  01566/1. 

0.004491 

0.1201 

203. 

4.  34 

.  7I' 

20 

2.  48 

_ 

0.01B67 

0.02333 

0,01158/1. 

0.004763 

0.08966 
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Figure  3-3 

LIMITING  FLEXURAL  CAPACITIES  FOR  STEEL  BEAMS,  SPACING  B  FEET 


where 


b  =  flange  width,  (in. ) 

=  flange  thickness,  (in.) 
d  =  web  depth,  (in.) 

t  =  web  thickness,  (in.) 

Lcr  =  unbraced  length  on  one  side  of  plastic  hinge,  (ft) 

M  =  moment  at  end  of  Lcr  away  from  hinge,  (in.  -lb) 

rg  =  radius  of  gyration  (weak  direction)  of  compression 
flange,  (in. ) 

The  in-place  coat  of  a  rolled  beam  can  be  directly  determined  from 
its  weight  and  the  unit  steel  costs  listed  in  Chapter  2.  Obviously,  if  shearing 
stresses  govern  the  selection  of  a  beam, and  if  a  constant  cost-per-pound  is 
assumed  for  steel,  the  relative  coat- efficiency  of  a  section  can  be  expressed 
as  A^/A.  Since  the  unit  weight  of  a  steel  beam  is  proportional  to  its  gross 
cross-sectional  area,  and  since  its  shearing  resistance  is  proportional  to  the 
net  web,  the  relative  cost-efficiency  can  also  be  expressed  in  terms  of  the 
unit  weight  and  shear  resistance  function. 


C  =  w  X 

8  S 


(3.  23.  13) 


(3,  23.  14a) 

(3.  23.  14b) 


where 
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Cg  =  in-place  cost  per  lineal  foot  of  beam,  ($/ft) 

w  =  weight  per  foot  of  beam,  (Ib/ft) 

Xg  =  unit  in-place  cost  of  steel,  ($/lb) 

Equation  3.  23.  14b  indicates  that  the  cost  of  a  given  beam  per  unit  of 
shearing  resistance  is  directly  proportional  to  the  shear  cost  function 

w  fj 

_ iL  x 

q  BL  s’ 

assuming  that  shear  controls  the  design  of  the  beam.  Table  3-.5  lists  values 
of  this  function  for  selected  standard  beam  sections. 

3.  24  Rectangular  Bent 

The  rectangular  steel  bent  is  treated  as  a  separate  structural 
element.  Ab  visualized,  such  bents  are  fabricated  from  rolled  steel  sections 
with  stiffener  plates  provided  at  the  beam-to-column  connections.  The  beam 
and  the  column  are  discussed  as  distinct  structural  elements  in  Sections 
3.  22  and  3.  23,  where  equations  are  supplied  for  their  design. 

It  is  assumed  that  lateral  earth  support  will  prevent  any  side  sway 
of  the  loaded  bent.  The  beam  which  forms  the  horizontal  bent  member  will 
support  vertical  leads  and  will  also  carry  axial  thrust  from  the  column 
reactions.  Similarly,  the  columns  will  support  the  vertical  beam  reactions 
and  will  also  resist  lateral  loads.  The  analysis  of  the  bent  commences  with 
the  selection  of  the  optimum  beam  section  of  length  L.  which,  for  beam 
spacing  B,  can  just  support  the  uniformly-applied  equivalent  loading  q.  Next, 
a  column  section  is  selected  which  is  just  adequate  to  support  the  beam. 
Preliminary  studies  of  typical  bents  indicate  that,  for  the  range  of  loading  and 
span  lengths  considered  in  this  analysis,  the  moment  and  thrust  in  the  bent 
columns  can  be  approximated  by: 

1)  Computing  beam  end  moments  on  the  assumptions  of  fixed  ends 
and  clear  (column-face  to  column-face)  spans. 
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Table  3-5 


SHEAR  RESISTANCE  AND  SHEAR  COST  FUNCTIONS 
FOR  SELECTED  ROLLED  STEEL  SECTIONS 


Shear 

Shear 

Resistance  Function 

Cost  Function 

Shape 

q  BLi 

f ,  w 
dy 

fdy 

q  BL 

Table  3-5  (Continued) 


Shape 

Shear 

Resistance  Function 

q  B  L 

Shear 

Cost  Function 

w 

dy 

fdy 

12  I 

50 

.  0612 

81.  8 

18  WF 

55 

.  0548 

100.  0 

18  WF 

50 

.  0503 

99.4 

15  I 

42.  5 

.  0470 

90.  5 

10  I 

35 

.  0447 

78.  4 

16  WF 

40 

.  0305 

104.  0 

16  B 

31 

.  0343 

90.4 

16  B 

26 

.  0312 

83.  5 

14  WF 

30 

.  0295 

101. 8 

1  4  R 

?.?. 

.  0250 

88.  0 

14  B 

172 

.  0236 

73.  0 

12  B 

16.  5 

.  0220 

75.  1 

10  B 

15 

.  0182 

82.  5 

12  Jr 

11.8 

.  0168 

70.  3 

10  Jr 

9 

.  0124 

72.  6 

8  Jr 

6.  5 

.  0086 

1 

75.5 
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2)  Equating  column  end-moments  to  beam,  end-moments.  Thus, 
any  moment  due  to  eccentricity  of  beam  shear  at  the  column 
connection  is  neglected. 

3)  Equating  the  axial  column  loading  to  the  beam  shear  at  the 
column  face. 


The  beam  analysis  of  Section  3.  23  postulates  that  the  pLastic  moment 
capacity  at  the  end  of  a  fixed-end  beam  should  be  taken  as  M  rather  than  as 
Mp,  thus  making  ample  provision  for  combined  flexural  and  shear  stresses. 
Extending  this  same  reasoning,  a  reduced  plastic  moment  capacity  is 

used  in  analyses  of  the  column  members.  This,  for  those  cases  where  design 
is  not  controlled  by  shearing  stresses,  results  in  some  excess  moment 
capacity  at  the  beam-column  joint.  However,  since  the  beam  must  also 
support  an  axial  thrust  from  the  column  reactions,  a  moderate  degree  of 
conservatism  appears  to  be  justified. 

The  bent  analysis  considers  the  relation  between  end  moment  and 

end  shear  (M/V  ratio)  for  the  horizontal  member  of  a  rectangular  bent,  as 

the  length  of  the  beam  is  increased.  The  beam  is  considered  to  be  loaded  to 

its  ultimate  capacity,  which  is  controlled  by  web  shear  for  and  by 

total  plastic  moment  capacity  for  L>,i The  vertical  shear  at  the  beam- 

column  connection  is  constant  for  L<L^v,  then  decreases  for  L>  Efv  .  The 

moment  at  the  end  of  the  beam  increases  until  h  =  ]_,  '  when  extreme-fiber 

ep 

yielding  occurs  at  the  first  incipient  plastic  hinge.  For  Let,<  >  which 

describes  an  elaato-plastic  range  where  yield  hinges  are  forming  in  regions 
of  maximum  flexural  stress,  the  end  moment  changes  from  the  maximum 
elastic  moment  (Me)  to  the  reduced  plastic  moment  (M  }, 

The  difference  between  M  and  M  is  small  for  most  standard 

e  pr 

rolled  sections  and,  as  a  useful  design  simplification,  it  is  assumed  that  the 
beam  end-moment  remains  constant  through  its  elasto-plastic  range.  Finally, 
when  the  beam  has  developed  the  full  moment  capacity  of  its  plastic  hinges  at 
L  =  ,  the  end-moment  remains  at  a  constant  value  of  M^r  for  increasing 

values  of  L  . 


Thus,  there  are  three  M/V 
is  increasing  and  V  is  constant.  For 


ranges  of  interest.  .  For  L  < 

L  <  L.  <  L.  ,  both  M  and  V  are 
ep  fv 


M 
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approximately  constant.  For  L>  ,  M  is  constant  and  V  Is  decreasing. 

The  design  column  loading,  applying  the  previously  stated  assumptions,  is 
the  sum  of  beam  loading  (M/V  ratio)  and  the  direct  load  on  the  column  itself, 
This  latter  term  is  a  function  of  loading  intensity  and  column  width,  hence 
cannot  be  expressed  explicitly.  Since  it  may  be  of  significance  for  short  bent 
spans  when  the  loading  intensity  is  large,  it  is  included  in  the  general  analysis. 

The  strength  of  an  eccentrically-loaded  column,  with  M 
substituted 'for  Mp,  is  obtained  from  Equation  3.  21.  2. 


P' 

dy 

A  f  . 
dy 


1  -  0.85 


M' 


pr 


oc 


H 


5000  r 


g 


dy 


(3.  24.1) 


For  the  anticipated  conditions  of  span  and  load,  it  makes  little 
practical  difference  whether  column  bases  are  assumed  fixed,  pinned  or 
partially  restrained.  By  taking  ot  =  1.0,  H  =  8  ft  and  f^  ■  50,  000  psi, 
which  represent  typical  values  for  the  structural  steels  and  cubicle  designs 
considered  in  this  study,  Equation  3.  21.  2  can  be  written  for  the  column 
members  of  the  b?nt  as, 


J)L 


^dy  ^column 


=  1. 00  -  0.85 


M' 


M 


pr 


2.80  r 


(3.24.  2) 


g 


In  this  equation,  F1^  is  the  axial  load  on  the  column. 


M'  is  the  moment 
P 

which  is  applied  to  the  column,  and  is  assumed  equal  to  the  end  moment  of  the 
beam.  Thus,  depending  on  the  .relation  between  beam  span  and  loading,  the 
t  M’p  applied  to  the  column  may  Y 
equal  to,  the  reduced  plastic  moment  M 


moment  M’^  applied  to  the  column  may  have  a  value  which  is  less  than,  or 

1  for  the  beam, 

Pf 


Solving  Equation  3.24.2  in  terms  of  the  column  loading  P 


yields 


dy’ 
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(3.24.  3) 


dy 


M 

pr 

2.  80  r  - 
8 

1  " 

2.  80  r 

L  8 

r  m  n 

pr 

+  0.85 

r%i 

dy  ^column 

p 

dyj 

The  column  load  can  also  be  expressed  as  the  sum  of  beam  end- 
shear  and  the  direct  load  on  the  column. 


P’dy  3  Vbeam  +  12*BD  3  72«BL 

where 

D  a  gross  depth  of  column  section,  (in.) 

Also,  if  moment  and  thrust  are  such  that  the  full 

compressive  and  flexural  capacities  of  the  column 

are  developed,  then  M'^  s  MO0iumn  and 

P'  =  P  . 
dy  column 

Substituting  in  Equation  3.  24.  3  yields 


1  + 


column 


6L 


beam 


q  B  L  _ 

1  dy 


L 

2.  80  -  ~ 

L  g  J 

33-6<Db.,m  +  ‘« 

28.  6 

lit  i  i  n\  Mcolumn, 

A 

column 

T  z 

r  column 

\  [b  lit  p  —  ! 

(.  column^ 

(3.24.4) 


M  ,  is  the  end  moment  of  a  fixed- end  beam  of  length  L  and 
column 

spacing  B  which  supports  a  unit  load  q.  ^c0\urnn  t^le  enc*  n^ear  this 

beam,  plus  the  load  on  a  column  section  of  width  D  due  to  the  same  spacing  B 

and  unit  load  q.  The  ratio  of  M  ,  to  P  .  can  thus  be  expressed  in 
H  column  column  r 

terms  of  the  M/V  ratio  of  the  horizontal  bent  member,  which  is  in  turn 
related  to  its  characteristic  lengths. 


0  <  L  <L 


column 


ep  P  ,  6  b  +  D 

r  column  i 


column 


Sp<  L<L£v 


column 

3 - 

column 


column 


(3.24.  5) 


E>  L. 


column 

l - 

column 


6  Ju  +  D 


column 


Substituting  Equation  3.  24.  5  into  Equation  3.  24.  4,  inverse  column 
resistance  functions  are  obtained  in  terms  of  the  characteristic  lengths 
and  of  the  horizontal  bent  member  and  the  column  coefficients  Kj  ,  K^, 
K- .  nf  the  vertical  bent  members. 


0<L<Lep  qft  aTT+K2  +K31j 


Lep<L<Lfv 


f,  K, 

-4v  ■  — —  +  K_  +  K,  b 

qBL  .  2  3  ep 


(3.  24.  6) 


L>L, 


f,  Kx 

»  -JJ-  +K2  +  0.  667k  E 


where 


33.  6D 

column 


column 


(2.80  ~L 

\  g 


^column 


2.  80  - 
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Table  3-6  lists  values  of  Kj,  and  for  standard  column 
sections.  For  convenient  reference,  the  beam  resistance  functions  for  the 
sections  are  listed  in  the  same  table.  To  use  the  table,  first  employ  the 
known  values  of  q,  B  and  L  to  select  a  suitable  beam  section  for  the  hori¬ 
zontal  bent  member.  Next,  find  a  section  whose  column  resistance  function 
is  equal  to  or  slightly  greater  than  the  beam  resistance  function  of  the  trans¬ 
verse  bent  member.  Obviously,  the  column  and  beam  resistance  functions 
are  both  influenced  by  the  relation  between  L,  L  ,  and  L-  ,  The  load 

8p  IV 

imposed  on  the  column  by  the  beam  is  found  to  be  a  maximum  when  L  =  ^ep- 
■  For  many  cases  of  practical  interest  L,<Lep,  hence,  shear  controls  and 
the  loaded  beam  is  in  its  elastic  range.  The  design  of  a  bent  with  equal 
beam  and  column  strengths  can  be  facilitated  by.  plotting  beam  and  column 
resistance  functions  as  functions  of  the  bent  span.  In  thiB  way  a  graphic  so¬ 
lution  can  readily  be  obtained  for  the  least-weight  combination  of  beam  and 
column. 

Limiting  situations  have  been  examined  to  assess  the  effect  of 
variations  in  column  height,  degree  of  base  fixity  for  the  column,  axial 
thrust  transmitted  to  the  transverse  bent  member,  and  lateral  earth  loading. 
These  studies  indicate  that  the  beam  and  column  resistance  functions  of 
Table  3-6  can  be  used,  within  an  estimated  accuracy  range  of  _+  10  per  cent, 
to  select  bent  members  for  buried  shelters  which  satisfy  the  following 
conditions : 

1)  No  side  sway  or  column  buckling. 

2)  Column  height  not  to  exceed  two  stories. 

3)  Minimum  bent  span  approximately  equal  to  story  height. 
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Table  3-6 

DESIGN  COEFFICIENTS  FOR  UNIFORMLY-LOADED 
RECTANGULAR  STEEL  BENTS 


Characteristics  for  I 


Column  Coefficients 


K, 


2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


36 

WF 

300 

36 

WF 

280 

14 

WF 

426 

14 

WF 

398 

36 

WF 

260 

14 

WF 

370 

36 

WF 

245 

36 

WF 

230 

14 

WF 

314 

33 

WF 

240 

14 

WF 

287 

14 

WF 

264 

33 

WF 

220 

14 

WF 

246 

l4 

WF 

228 

14 

WF 

237 

30 

WF 

210 

33 

WF 

200 

14 

WF 

219 

14 

WF 

184 

14 

WF 

202 

14 

WF 

211 

30 

WF 

190 

14 

WF 

193 

14 

WF 

158 

14 

WF 

176 

14 

WF 

150 

14 

WF 

167 

30 

WF 

170 

24 

WF 

160 

26. 

21 

26. 

00 

27. 

97 

27. 

32 

24. 

86 

26. 

78 

24. 

41 

23. 

80 

25. 

90 

23. 

57 

25. 

16 

24. 

89 

22. 

90 

24. 

63 

24. 

36 

24. 

34 

22. 

67 

22. 

32 

24. 

16 

23. 

90 

23. 

89 

23. 

76 

22. 

12 

23. 

69 

23. 

24 

23. 

24 

23. 

05 

22. 

99 

21. 

40 

21. 

55 

39. 

59 

39. 

30 

39. 

05 

38. 

18 

37. 

79 

37. 

46 

37. 

19 

36. 

37 

36. 

29 

35. 

69 

35. 

30 

34. 

95 

34. 

80 

34. 

59 

34. 

23 

34, 

21 

34. 

08 

34. 

02 

33. 

97 

33. 

62 

33, 

60 

33. 

43 

33. 

35 

33. 

35 

32. 

75 

32. 

74 

32. 

48 

32. 

41 

32. 

39 

31. 

85 

(L  4  Lfv> 

0.2627 
0. 2460 
.0.  1973 
0. 1862 
0.  2349 
0.  1741 
0.  2230 
0.  2127 
0.  1488 
0.  2123 
0.  1378 
0.1268 
0.  1983 
0.1183 
0,  1099 
0.  1147 
0.  1793 
0.  1829 
0,  1058 
0.  08833 
0.  09783 
0.  1031 
0.  1642 
0.09367 
0.07683 
0. 08625 
0.07308 
0. 08208 
0.1515 
0. 1228 


(L*Lfyl 
10.  398 
9.  668 
7..  703 

7.  109 

8.  877 

6.  522 
8.  292 

7.  734 

5.  401 
7.  579 
4.  866 
4.  429 
6.898 

4.  093 
3.  763 
3.  923 

6.  110 
6.  223 
3.  592 

2.  970 

3,  288 
3.446 

5.  475 
3.  123 
2.  516 
2.  824 
2.  374 
2.661 
4.907 
3.910 


K2 

K3 

0.  8363 

0.1264 

0,8958 

0.1361 

0.6046 

0.1620 

0.  6478 

0.1759 

0.9634 

0.1491 

0.6971 

0.1920 

1.024 

0.1600 

1.089 

0.1721 

0.8227 

0.2327 

1.  048 

0.  1743 

0.  9007 

0.2587 

0.  9795 

0.2845 

1.  142 

0.1922 

1.  052 

0.3082 

1.  135 

0.  3356 

1.092 

0.3218 

1.199 

0.2153 

1.  258 

0.2138 

1.183 

0.  3518 

1.409 

0.4261 

1.282 

0.  3848 

1.227 

0.  3671 

1.326 

0. 2409 

1.343 

0.4053 

l.  641 

0. 5042 

1. 474 

0.4490 

1. 731 

0.5347 

1.  553 

0.4769 

1.  463 

0.2699 

1. 585 

0. 3328 

Table  3-6  (Continued) 

DESIGN  COEFFICIENTS  FOR  UNIFORMLY -LOADED 
RECTANGULAR  STEEL  BENTS 


Shape 

Beam  Characteristics  for  Section 

Column  Coefficients 

Lep 

ft. 

1_, 

fv 

ft. 

^dy 

u-^£v> 

K2 

K3 

31. 

14  WF  1 42 

22.12 

31.24 

0.07150 

2.  234 

4.483 

1.  824 

0.5698 

32. 

14  WF  127 

21.81 

30.83 

0. 06417 

1.  978 

4.983 

2.  045 

0.6441 

33. 

27  WF  177 

20.50 

30.79 

0. 1506 

4.  637 

6.495 

1.  427 

0.2844 

34. 

24  WF  145 

20.  72 

30.74 

0. 1138 

3.497 

7. 142 

1.  750 

0.  3736 

35. 

27  WF  160 

20.43 

30.71 

0. 1367 

4.  197 

7.134 

1.  581 

0.  3143 

36. 

14  WF  119 

21.69 

30.67 

0. 06000 

1.  841 

5.274 

2.  182 

0.6926 

37. 

1 4  WF  136 

21.63 

30,  61 

0. 06942 

2.  124 

4.693 

1.  909 

0.6001 

38. 

14  WF  103 

21.50 

30.43 

0.05208 

1.  585 

5.996 

2.  525 

0.8053 

39. 

14  WF  111 

21.  32 

30. 18 

0. 05683 

1.  715 

5.603 

2.  340 

0.  7444 

40. 

27  WF  145 

19.98 

30.10 

0. 1247 

3.753 

7.  B06 

1.  742  . 

0.3524 

41. 

14  WF  87 

21.16 

29.97 

0. 04417 

1.  324 

6.979 

2.  991 

0.  9657 

42. 

14  WF  95 

21.02 

29.78 

0.04892 

1.457 

6.438 

2.  736 

0.8775 

43. 

24  WF  130 

19.  58 

29.22 

0. 1057 

3.  088 

7.892 

1.953 

0.4258 

44. 

21  WF  142 

19.41 

28.57 

0.1058 

3.  023 

6.421 

1.795 

0.4308 

45. 

21  WF  127 

19.36 

28.49 

0,09442 

2.690 

7. 1  ®9 

2,008 

0.4843 

46. 

12  WF  190 

20.19 

28.43 

0.09633 

2.  740 

3.2^1 

1. 373 

0.4656 

47. 

36  WF  194 

17.  37 

27.88 

0.2179 

6.076 

7.858 

1.292 

0.2302 

48. 

21  WF  112 

18.80 

27.74 

0.08467 

2.  349 

7.972 

2.  278 

0.5564 

49. 

12  WF  161 

19.62 

27.67 

0.08225 

2.276 

3,751 

1. 621 

0.5621 

50. 

36  WF  182 

17.19 

27.64 

0.2052 

5.671 

8.  346 

1.  379 

0,  2471 

51. 

36  WF  170 

16.98 

27.36 

0.1924 

5.264 

1.477 

0.  2666 

52. 

24  WF  120 

17.80 

26.86 

0.  1040 

2.  793 

2.  115 

0.4758 

53. 

12  WF  133 

18.94 

26.  77 

0.  06867 

1.839 

4.  386 

1.967 

0.6981 

54. 

33  WF  152 

16.80 

26.  76 

0.  1661 

4.444 

9.236 

1.654 

0.  3130 

55. 

24  WF  110 

17.71 

26.73 

0.  09542 

2.  551 

0.  288 

2.  307 

0.5215 

56. 

14  WF  84 

18.67 

26.66 

0.04742 

l.  264 

7.313 

3.  094 

1.020 

57. 

36  WF  160 

16.  34 

26.50 

0.  1848 

4.  898 

9.408 

1.  568 

0. 2887 

58. 

24  WF  100 

17.37 

26.  30 

0,  08758 

2.  302 

10.15 

2.  537 

0. 5791 

59. 

14  WF  78 

18.08 

25.86 

0. 04500 

1.  164 

7.814 

3.  954 

1. 350 

60. 

14  WF  320 

18.05 

25.82 

0.  1988 

5.  135 

2.265 

0. 8086 

0.2503 

61. 

18  WF  114 

17.60 

25.  76 

0.  08185 

2.  109 

6.936 

2.  252 

0.6184 
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33 

WF 

141 

15.97 

36 

WF 

150 

15.68 

12 

WF 

106 

1  7.  85 

12 

WF 

120 

17.81 

18 

WF 

105 

17.22 

36 

WF 

135 

1  3.81 

,  12 

WF 

99 

17.69 

12 

WF 

85 

17.65 

18 

WF 

96 

16.89 

12 

WF 

92 

17.42 

16 

WF 

96 

16.85 

12 

WF 

79 

17.  10 

12 

WF 

72 

1  6.94 

33 

WF 

130 

14.  79 

30 

WF 

132 

15.02 

12 

WF 

65 

16.75 

16 

WF 

88 

16. 16 

30 

WF 

124 

14.59 

10 

WF 

112 

16.48 

12 

WF 

58 

16.12 

14 

WF 

74 

15.77 

27 

WF 

114 

14.42 

10 

WF 

100 

15.96 

14 

WF 

68 

1  5.  50 

30 

WF 

116 

13.81 

27 

WF 

102 

1  3.98 

14 

WF 

61 

15.28 

33 

WF 

1 13 

13.30 

10 

WF 

89 

15.63 

10 

WF 

77 

1  5.  31 

12 

WF 

53 

1  5.06 

Characteristics  for  ! 


Column  Coefficients 
t,  K,  K, 


25, 

66 

25. 

63 

25. 

31 

25. 

27 

25. 

24 

25. 

14 

25. 

08 

25. 

05 

24. 

82 

24. 

73 

24. 

50 

24. 

32 

24. 

10 

24. 

08 

23, 

,95 

23. 

,85 

23, 

,56 

23. 

39 

23. 

21 

23. 

01 

22. 

79 

22. 

77 

22. 

52 

22. 

43 

22. 

34 

22. 

17 

22. 

1  3 

22. 

10 

22. 

08 

21. 

65 

21. 

59 

(LSLfv! 


0.  1583 
0. 1768 
0. 05633 
0. 06450 
0.07617 
0. 1693 
0.05275 
0. 04500 
0.07042 
0.04950 
0.06500 
0.04275 
0.03908 
0.1518 
0. 1450 
0.03542 
0.06117 
0.1380 
0.05592 
0. 03267 
0.04733 
0. 1208 
0. 05075 
0. 04400 
0. 1330 
0. 1097 
0. 039  75 
0. 1449 
0. 04550 
0.  03958 
0. 0  31  33 


<L  >L£w) 


4.  060 
4.  533 
1. 426 
1. 630 
1. 923 
3.  915 
1.524 
1. 127 
1.748 
1. 225 
1.  592 

1.  040 
0. 941B 
3.  654 
3.  474 
0.  8447 
1. 442 
3.  228 
1.  298 
0. 7518 
1. 079 

2.  748 

1.  143 
0. 9867 
2.972 

2.  431 
0.  8798 

3.  203 
1. 004 
0.  8569 
0. 6764 


9. 

894 

9, 

989 

5. 

303 

4. 

768 

7. 

469 

1. 

03 

5. 

631 

6. 

433 

8. 

098 

5. 

994 

7. 

318 

6. 

857 

7. 

449 

0. 

67 

9. 

648 

8. 

164 

7. 

908 

0. 

23 

4. 

492 

9. 

198 

8. 

317 

0. 

09 

4. 

916 

8. 

969 

0. 

87 

1 . 

19 

9, 

896 

1. 

68 

5. 

41 1 

6. 

108 

9. 

965 

0.  3455 
0.  3143 
0.  9044 
0.  7912 
0.  6796 
0.  3733 
0.  9753 
1.  147 
0.  7494 
056 
8182 
246 
377 
0.  3893 
0.4022 
537 
9071 
0.4349 
0.  9988 
731 
210 
5045 
138 
325 

0,  4770 
0.'  5733 
488 
45  34 
297 
524 
934 
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Shape 

Beam  Characteristics  for  Section 

Column  Coefficients 

L 

ep 

ft. 

L, 

fv 

ft. 

qfBL2 

Ki 

K2 

K3 

^dy 

!LSL£v) 

fdy 

93. 

10  WF 

54 

15.22 

21.52 

0. 02725 

0.  5865 

8.326 

4.  936 

2.232 

94. 

10  WF 

66 

15.17 

21.46 

0. 03383 

0.  7259 

6.980 

4.  035 

1.802 

95. 

10  WF 

60 

15.15 

21.43 

0.03075 

0.  6590 

7.580 

4.  437 

1.986 

96. 

27  WF 

94 

13.30 

21.26 

0. 1038 

2.  206 

12.08 

2.  693 

0.6370 

97. 

24  WF 

94 

13.44 

21.05 

0. 09692 

2.  040 

10.95 

2.  704 

0.  6774 

98. 

10  WF 

72 

14.80 

20.97 

0. 03775 

0.  7918 

6.468 

3.  696 

1.654 

99. 

10  WF 

49 

14.78 

20.95 

0. 02517 

0.  5272 

9.080 

5.  448 

2.489 

100. 

30  WF 

108 

12.66 

20,81 

0. 1293 

2.  690 

11.61 

2.  337 

0. 5356 

!  101. 

18  WF 

77 

13.60 

20.43 

0.06533 

1.335 

10.11 

3.  340 

1.004 

102, 

18  WF 

85 

13.60 

20.41 

0.07233 

1. 477 

9.241 

3.  026 

0.9072 

'  103. 

24  WF 

84 

12.91 

20.35 

0. 08833 

1.  797 

12. 14 

3.  024 

0.7738 

1104. 

21  WF 

96 

12.99 

20.00 

0. 09233 

1.847 

9.  383 

2.663 

0.7392 

;  10S. 

18  WF 

70 

13.24 

19.95 

0.  06025 

1.  202 

11.03 

3.678 

1.119 

1  0b. 

18  WF 

64 

13.06 

19.70 

0,05542 

1.  092 

11.98 

4.  023 

1.  234 

107. 

18  WF 

45 

13,  20 

19.53 

0.  03875 

0.  7569 

17.02 

5.  718 

1. 747 

108. 

30  WF 

99 

11.70 

19.53 

0.  1231 

2.  405 

12.60 

2.551 

0. 6086 

109. 

21  WF 

82 

12.  58 

19.45 

0.08017 

1. 560 

10.84 

3.  118 

0.8797 

110. 

27  WF 

84 

1 1.90 

19.40 

0.09808 

1. 903 

13.41 

3.  015 

0.  7536 

111. 

24  WF 

76 

12. 10 

19.27 

0.08267 

1.  593 

13.  32 

3.  342 

0.8823 

1  12. 

24  1 

105.  9 

12. 17 

19.25 

0.1135 

2.  185 

9.659 

2.  415 

0.  6396 

113. 

14  WF 

53 

12.94 

19.01 

0,03892 

0.  7398 

11.42 

4.  916 

1.  797 

1  14. 

16  WF 

78 

12.68 

18.94 

0.06425 

1.  217 

9.  023 

3.  317 

1.  102 

1  15. 

14  WF 

48 

12.66 

18.64 

0.03567 

0. 6647 

12.  51 

5.435 

2.005 

1  16. 

16  WF 

71 

12.  46 

18.63 

0.05900 

1. 099 

9.821 

3.  646 

1. 222 

117. 

21  WF 

73 

11.82 

18.52 

0.07492 

1.  387 

12.  39 

3.  500 

1.001 

1  18. 

12  WF 

50 

12.69 

18.44 

0.03375 

0.  6222 

10.68 

5.  258 

2.  132 

1 19. 

12  WF 

40 

1  2.  68 

18.42 

0.02675 

0.  4927 

1  3.  09 

6.  576 

2.694 

1  20. 

10  WF 

45 

12.87 

i  8.40 

0. 02592 

0.4767 

9.998 

5.  928 

2.  778 

1  21 . 

16  WF 

64 

12.  19 

18.27 

0.  05375 

0.  9821 

10.  79 

4.  047 

1. 371 

122. 

12  WF 

45 

12.  50 

18.18 

0.03050 

0.  5545 

1  1. 75 

5.  844 

2.  396 

1  23. 

14  WF 

43 

12.28 

18.  13 

0,03242 

0.  5879 

1  3.  83 

6.  065 

2.274 
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Shape 

Beam  Characteristics  for  Section 

Column  Coefficients 

Lep 

ft. 

Lfv 

ft. 

q  BL 

qfBL2 

K! 

K2 

K3 

fdy 

(L<Llv) 

^dy 

124. 

21  WF 

68 

11.53 

18.  11 

0. 070B3 

1. 284 

13.22 

3.  753 

1.086 

125. 

8  WF 

67 

12.76 

18.01 

0.03417 

0.  6153 

6.067 

4.  045 

2.157 

126. 

16  WF 

58 

11.83 

17.87 

0. 04942 

0.  8831 

11.81 

4.  467 

1.530 

127. 

8  WF 

48 

12.65 

17.85 

0.  02408 

0.  4300 

8.024 

5.  664 

3.098 

128. 

24  WF 

68 

10.87 

17.62 

0.07817 

1.  378 

14.78 

3.  740 

1.039 

129. 

21  WF 

62 

11.07 

17.  52 

0.06583 

1.153 

14.42 

4.  122 

1.217 

130. 

8  WF 

58 

12.  22 

17.  29 

0.  03033 

0.  5245 

6.824 

4.  679 

2.542 

131. 

10  WF 

39 

12.02 

17.26 

0.  02350 

0.  4057 

11.34 

6.  845 

3.283 

132. 

24  I 

79.9 

10.55 

17.17 

0.09275 

0.  1592 

12.83 

3.  207 

0.9027 

133. 

18  WF 

60 

11.05 

17.08 

0. 05842 

0.  9979 

13.04 

4.  28  7 

1.382 

134. 

18  WF 

55 

10.  62 

16.  51 

0.05483 

0.  9051 

14.11 

4.673 

1.534 

135. 

18  WF 

50 

10.  38 

16.18 

0. 05033 

0.8146 

15.43 

5.  144 

1.710 

136. 

8  WF 

35 

11.36 

16.14 

0.01875 

0.  3026 

10.54 

7.  786 

4.445 

1  37. 

21  WF 

55 

9.99 

16.07 

0.  06175 

0.  9920 

16.11 

4.  648 

1.439 

138. 

8  WF 

40 

11.30 

16.06 

0.02167 

0.  3479 

9.368 

6.  81  3 

3.863 

139. 

24  I 

120 

9.73 

16.01 

0. 1450 

2.  322 

8.528 

2.  132 

0.6264 

140. 

16  WF 

50 

10.43 

15.99 

0.04750 

0.  7596 

14.02 

5.  175 

1.813 

141. 

16  WF 

45 

10.  07 

15.51 

0.04325 

0.  6708 

15.44 

5.  748 

2.063 

142. 

10  WF 

33 

10.63 

1  5.41 

0.02158 

0.  3327 

13.17 

8.  105 

4.048 

143. 

8  WF 

31 

10.  81 

1  5.40 

0.01717 

0.  2644 

11.74 

8.  802 

5. 109 

144. 

16  WF 

40 

9.98 

15.40 

0.03850 

0.  5929 

1  7.  24 

6.  467 

2.  338 

145, 

12  WF 

36 

10.  28 

15.25 

0.02833 

0.  4322 

14.91 

7.  306 

3.137 

146. 

12  WF 

31 

10.  05 

14.95 

0.02467 

0.  3688 

17.11 

8.  489 

3.688 

147. 

14  WF 

38 

9.  77 

14.84 

0.03417 

0.  5072 

16.15 

6.864 

2.712 

148. 

24  I 

90 

8.  58 

14.53 

0.  11  58 

1. 682 

1  1.  39 

2.848 

0.8905 

149. 

14  WF 

34 

9.  35 

14.29 

0.03133 

0.  4477 

1  7.  90 

7.671 

3.  091 

150. 

12  WF 

27 

9.  48 

14. 19 

0.02233 

0.  3169 

19.  36 

9.721 

4.  3 Z1 

151. 

20  I 

85 

8.  68 

14.10 

0. 09883 

1.  394 

10.  14 

3.  043 

1. 038 

152. 

20  1 

65.  4 

8.60 

14.02 

0.07675 

1. 076 

1  3.  18 

3.954 

1.  350 

153. 

8  M 

24 

9.  70 

1  3.95 

0.01450 

0.  2022 

1  5.  17 

11. 38 

6.  740 

154. 

8  WF 

28 

9.64 

1  3.84 

0.01692 

0.  2^41 

13.11 

9.  761 

5.818 
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Shap< 

Beam  Characteristics  for  Section 

CoLui 

pn  Coeffic 

ents 

L 

ep 

ft. 

Lf  V 

ft. 

q  BL 

9fBL2 

Ki 

K2 

K3 

^dy 

<L£Lfv> 

*dy 

<LiLfv) 

1  55. 

16  WF 

36 

8.  76 

13.  76 

0.03733 

0.  5138 

19.  01 

7.  196 

2.  750 

156. 

8  WF 

24 

9.51 

13.67 

0.01458 

0.  1993 

15.05 

11.39 

6.847 

157. 

10  WF 

29 

8.95 

13.21 

0.02217 

0.  2929 

15.69 

9.  209 

4.  675 

158. 

14  WF 

30 

8.  35 

12.96 

0.02950 

0.  3823 

20. 14 

8.  717 

3.680 

159. 

24  I 

100 

7.33 

12.86 

0.1386 

1.  783 

10.25 

2.  563 

0.8712 

160. 

10  WF 

25 

8.67 

12.84 

0.  01933 

0.  2483 

17.97 

10.69 

5.534 

161. 

18  I 

54.  7 

7.84 

12.  76 

0. 06367 

0.8126 

14.27 

4.  758 

.  1.793 

162. 

8  M 

34.  3 

8.  75 

12.66 

0.  02225 

0.  2817 

10.63 

7.975 

4.878 

163. 

16  B 

31 

7.81 

12.49 

0.  03425 

0.4278 

22.08 

8.  363  . 

3;  366 

164. 

20  I 

95 

7.23 

12.  15 

0.1211 

1.  472 

9.080 

2.  724 

1.020 

165. 

6  M 

25 

8.43 

11.94 

0.  01308 

0.  1562 

11.41 

11.41 

8.975 

166. 

20  I 

75 

6.86 

11.70 

0.09842 

1,  152 

11.50 

3.450 

1. 321 

167. 

6  M 

20 

8.16 

11.61 

0.01092 

0.  1267 

14.23 

14.  23 

11.08 

168. 

15  I 

42.9 

7.  27 

1 1.60 

0.04700 

0.  5452 

15.33 

6.  133 

2.648 

169. 

14  B 

26 

7.24 

11.47 

0.02775 

0.  3183 

23.27 

10.  05 

4.  517 

170. 

6  WF 

25 

7.92 

11.  31 

0.  01458 

0.  1650 

11.96 

11. 27 

8.492 

171. 

6  WF 

20 

7.  76 

11.10 

0.01175 

0.  1305 

14.57 

14.  10 

10.77 

172. 

16  B 

26 

6.64 

10.93 

0. 03117 

0.  3406 

26.04 

9.984 

4.  360 

173. 

10  WF 

21 

7.  17 

10.84 

0.  01842 

0. 1997 

21.01 

12.  73 

7.045 

174. 

8  WF 

20 

7.16 

10.  57 

0.01525 

0. 1611 

18.55 

13.  67 

8.697 

175. 

12  I 

31.8 

6.  79 

10.  57 

0.  03183 

0.  3366 

16.79 

8.  397 

4.246 

176. 

12  I 

40.8 

6.67 

10,  38 

0. 04092 

0.4248 

13.15 

6.  574 

3.  365 

177. 

14  B 

22 

6.41 

10.  36 

0.  02500 

0.2591 

27.21 

1 1. 90 

5.670 

178. 

10  I 

25.4 

6.46 

9.87 

0. 02333 

0.2303 

17.83 

10.  70 

6.182 

179. 

12  B 

22 

5.82 

9.  35 

0.02483 

0.2322 

24.63 

12.00 

6.347 

180. 

18  I 

70 

5.25 

9.  31 

0.  09850 

0.9172 

11.15 

3.  718 

1.736 

181. 

15  I 

50 

5.54 

9.  30 

0.06308 

0.  5864 

13.16 

5.263 

2.595 

182. 

8  WF 

17 

6.  20 

9.29 

0.  01417 

0. 1 316 

21.49 

16.  12 

10.84 

183. 

1  2  I 

35 

5.64 

9.04 

0. 03892 

0.  3518 

15.28 

7.  638 

4.189 

184. 

5  M 

18.  9 

6.  31 

8.98 

0. 01075 

0.  09654 

13.03 

15.64 

15,14 

185. 

8  M 

17 

5.  86 

8.84 

0. 01475 

0.  1  303 

21.50 

16.  12 

1  1.01 
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Table  3-6  (Continued) 

DESIGN  COEFFICIENTS  FOR  UNIFORMLY -LOADED 
RECTANGULAR  STEEL  BENTS 


Shape 

Beam  Characteristics  for  Section 

Column  Coefficients 

L 

ep 

ft. 

LIv 

ft. 

9,^ 

Ki 

K2 

K3 

*dy 

<LSLfv> 

fdy 

(b2Ufv) 

186. 

6  WF 

15.  5 

6.06 

8.83 

0.01092 

0.09643 

18.  12 

18.12 

14.95 

187, 

10  B 

19 

5.61 

8.  79 

0.01975 

0. 1736 

24.00 

14.05 

8.404 

1 88. 

8  I 

18,4 

5.58 

8.43 

0. 01608 

0.1355 

20.  19 

15.15 

10.65 

189. 

12  B 

19 

5.  12 

8.  41 

0.02292 

0. 1928 

28.05 

13.B4 

7.834 

190. 

6  B 

16 

5.73 

8.  39 

0.01175 

0.09855 

18.44 

17.  70 

14.66 

191. 

10  B 

17 

4.86 

7.  80 

0.01892 

0. 1475 

26.  73 

15.85 

10.  13 

192. 

14  B 

17.  2 

4.  38 

7.  71  . 

0.02358 

0.  1818 

35.63 

15.  27 

8.  822 

193. 

12  I 

50 

4.66 

7.  70 

0.06117 

0.4708 

10.73 

5.363 

3.  237 

194. 

7  I 

15.  3 

5.12 

7.69 

0.  01292 

0.09931 

21.67 

18.  58 

14.69 

195. 

8  B 

15 

4.59 

7.  17 

0. 01533 

0. 1099 

24,68 

18.  24 

13.54 

196. 

12  B 

16.  5 

4.12 

7.  08 

0.02200 

0.  1558 

32. 10 

16.05 

10.  17 

197. 

6  1 

12.  5 

4.66 

6.  95 

0.01008 

0.  07007 

2  3.  34 

23.  34 

21.15 

198. 

12  B 

14 

3.95 

6.86 

0.  01908 

0, 1309 

37.43 

18.  85 

12.22 

199. 

10  B 

15 

4.13 

6.  82 

0. 01817 

0.  1239 

29.99 

17.  99 

12.47 

200. 

10  B 

11.5 

3.97 

6.  60 

0. 01417 

0.  09352 

38.45 

23.  37 

16.64 

201. 

8  M 

20 

4. 10 

6.  49 

0,  021 50 

0.  1396 

18.  37 

1  3.  78 

10.85 

202. 

6  B 

12 

4.27 

6.45 

0.  01058 

0.  06831 

2  3.84 

23.  84 

22.  00 

203. 

8  B 

13 

3.94 

6.  29 

0. 01433 

0.  09015 

28.21 

21.  16 

16.95 

204. 

12  Jr 

11.8 

3.50 

6.  26 

0.01675 

0.  1049 

45.28 

22.  64 

15.73 

205. 

5  I 

10 

4.19 

6.  19 

0.007583 

0.  04695 

25.  33 

30.  39 

32.  40 

206. 

10  I 

35 

3.59 

6.04 

0.04467 

0.  2696 

12.97 

7.  782 

5.862 

207. 

8  I 

23 

3.  58 

5.  77 

0.02625 

0.  1514 

16.13 

12.  14 

10.  23 

208. 

10  Jr 

9 

3.16 

5.  55 

0.01242 

0.06893 

50.11 

30.  07 

23.87 

209. 

7  I 

20 

2.98 

4.  84 

0.02333 

0.  1 128 

16.63 

14.  25' 

14.  12 
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4)  Column  bases  fixed,  pinned  or  partially  restrained. 

5)  Lateral  earth  pressure  coefficient 
of  any  value  less  than  one. 

Because  of  the  multitude  of  possible  combinations,  costs  of  rectangular 
bents  are  best  determined  by  computing  the  costs  of  the  individual  bent 
members.  The  simplified  design  tables  permit  the  rapid  solution  of  a  num¬ 
ber  of  trial  designs.  These  designs  may  be  compared  on  the  basis  of  cost 
by  applying  the  unit  cost  coefficients  presented  in  Chapter  2. 

3.  25  Segmented  Bent 

The  segmented  steel  bents  considered  in  this  section  are  intended 
as  ribs  for  equally- segmented  arches.  They  are  an  attempt  to  approximate, 
without  resorting  to  curved  compression  members,  the  condition  of  axial 
thrust  which  is  assumed  to  exist  in  buried  shell  structures.  The  circular 
arch  shape  is  more  closely  approximated  as  the  number  of  bent  segments 
is  increased,  but  fabrication  costs  will  also  increase.  As  the  number  of 
segments  is  decreased,  however,  the  thrust  is  no  longer  axial  and  moment 
in  the  bent  segments  becomes  of  increasing  design  importance. 

The  analyses  assume  that  all  segments  are  of  equal  lengths  and 
cross-sections.  As  with  the  rectangular  bent,  B  represents  the  center- to- 
center  spacing,  in  feet,  of  the  individual  bents.  The  span  length  of  the 
segmented  bent,  expressed  in  feet,  is  designated  as  S^,  Arch  bents  with 
four  and  six  segments  were  initially  considered,  but  subsequently  rejected 
since  the  moments  reached  values  which  offered  no  real  advantage  over  con¬ 
ventional  rectangular  bents.  The  eight-segmented  arch,  where  L  =  0.  195  S^, 
is  found  to  represent  a  satisfactory  and  practical  compromise.  Analysis  of 
a  two-hinged  arch  with  eight  equal  segments,  subjected  to  uniform  radial 
chord  loading,  yields  the  following  results: 

1)  Maximum  moment  in  the  arch,  which  occurs 

2 

in  the  haunch  segment,  is  7,  10  q  BS  y 

2}  Maximum  thrust  in  the  haunch  segment  i?  72  qBS^. 

3)  Maximum  shear  in  the  haunch  segment  is  14.7  q  B  SL‘ 
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4)  Maximum  thrust  in  the  crown  segment  is  76.  3  q  BS^. 

5)  Moment  in  arch  at  crown  segment  is  6.  38  q  B  S^  . 

Each  segment  of  this  arch  would  normally  be  analyzed  as  a 
com pression. member  which  carries  moment  and  is  susceptible  to  buckling 
about  its  strong  axis.  In  this  study,  however,  the  inter-action  of  the  arch 
configuration  and  the  passive  earth  pressure  is  assumed  to  preclude  a  general 
buckling  failure.  The  full  yield  strength  of  bent  members  will  therefore.be 
developed,  since  individual  members  will  be  short  and  stocky,  The  strength 
of  an  eccentrically-loaded  steel  compressive  member  is  given  by  Equation 
3.  24. 1  which,  with  its  buckling  term  neglected,  yields  the  expression, 

P'  M' 

'7'g  y  =  1-0.85 £  (3.25.1} 

dy  pr 

Equation  3.  25. 1  can  be  applied  to  the  segmented  bent  by  substituting  known 
values  for  the  moment  and  thrust  in  the  segments  of  the  eight-segmented  bent. 


Haunch  Segment 

V 

72  6S. 

_ _ ,  _  ^ 

(3.  25.  2) 

A+^r 

Crown  Segment 

76.3  5.4Sl 

(3.25.  3) 

A  +~Z 

r 

Since  the  ratio  of  S^/Z^,  will  be  small  for  practicable  sections,  the 
design  will  frequently  be  governed  by  Equation  3.  25.  3.  The  critical  shearing 
stresses  at  the  haunch  must  also  be  checked.  The  required  net  area  of  web 
steel  in  the  haunch  section  is  given  by 


Aw  (required) 


24.5- 


q  BS. 


dy 


(3.  25.  4a) 
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Or,  expressing  this  in  terms  of  the  inverse  shear  resistance  functions  for  a 
given  net  area  of  web, 


f,  24. 5 

dY  _ 

— a — 

^  L  w 


(3.  25.  4b) 


The  cost  of  segmented  bents  can  be  determined  by  applying  the  unit 
cost  values  given  in  Chapter  2  to  a  number  of  trial  solutions  for  the  segmented 
arch  bent. 

3.  26  Single-Curvature  Plates  in  Compression, 

Single -curvature  steel  plate,  either  corrugated  or  of  uniform 
thickness,  is  suitable  for  use  in  the  arch  or  cylinder  configuration.  For  this 
application,  the  plate  is  analyzed  as  a  circular  segment  subjected  to  uniform 
radial  load.  It  is  again  postulated  that  the  passive  earth  resistance  will 
prevent  either  a  general  flexure  or  buckling  failure  mode. 

The  design  equation  for  a  one-inch  length  of  single-curvature  steel 
plate,  loaded  in  a  compressive  mode,  is: 


<*c  SLi 


dy 


t 

¥ 


(3.  26.  1) 


where 


qc  =  unit  compressive  mode  yield  resistance,  (psi) 

=  diameter  of  arch  or  cylinder,  (ft) 
f^  =  dynamic  yield  strength  of  steel,  (pBi) 

t  =  effective  thickness  of  plate,  (in.  ) 

By  substituting  values  of  dynamic  yield  strength  into  this  equation, 
the  yield  load  can  be  calculated  for  unit  lengths  of  standard  corrugated  plate. 
Yield  loads  are  not  tabulated  for  100,  000  psi  corrugated  plate  in  gages 
heavier  than  No.  8,  due  to  the  limited  capacity  of  existing  press  facilities. 
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Table  3-7 


COMPRESSIVE  YIELD  CAPACITY  FOR  SINGLY -CURVED 
CORRUGATED  STEEL  PLATE,  POUNDS  PER  LINEAL  INCH 


Gage  Effective  Area,  Dynamic  Yield  Strength  of  Steel,  psi 


No. 

-  Sq.  In. 

, - ,  44,  0  00 

60, 

000 

100r 

000 

12 

} 

.1297 

"V — - 

5,  700 

7, 

780 

12, 

960 

10 

.  1667 

7,  330 

10, 

000 

16, 

670 

8 

.  2041 

9,  000 

12, 

250 

20, 

450 

7 

.2283 

10, 050 

13, 

700 

not  available 

5 

.  2666 

11,  720 

16, 

000 

U 

II 

3 

.  3048 

13,  400 

18, 

300 

It 

II 

1 

.  3432 

15,  100 

20, 

600 

II 

II 

Tests  of  corrugated  sections  have  indicated  that  the  ultimate 
capacity  of  the  10  and  12  gage  plates  is  a  function  of  joint  or  seam  strength, 
rather  than  of  the  material^^.  Thus,  as  corrugated  steel  culverts  are 
currently  fabricated,  the  values  given  in  Table  3-7  for  the  12  and  10  gage 
plates  should  be  reduced  by  30  percent  and  5  percent  respectively.  However, 
it  seems  reasonable  to  assume  that  improved  joining  techniques  could  raise 
the  ultimate  capacity  to  that  of  the  yield  strength.  The  cost  data  supplied  in 
Chapter  2  reflect  this  assumption.  Typical  joint  detaiLs  are  explained  in 
Reference  36. 

Yield  loads  for  uniform  plates  are  computed  for  representative 
plate  thicknesses  by  applying  Equation  3.  26.  1.  It  is  assumed  that  the  joint 
strength  which  can  be  developed  in  flat  plates  will  be  equal  to  the  yield  strength 
of  the  metal. 
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Table  3r8 

COMPRESSIVE  YIELD  CAPACITY  FOR  SINGLY -CURVED 
UNIFORM -THICKNESS  STEEL  PLATE,  POUNDS  PER  LINEAL  INCH 


|  Thickness, 

Dynamic 

Yield  Strength  of  Steel, 

psi 

inches 

44,  000 

60, 000 

100,  000 

0.  75 

33,  000 

45, 000 

75,  000 

0.  50 

22,  000 

30, 000 

50,  000 

|  0.  25 

O 

o 

o 

15, 000 

25,  000 

j 


The  unit  costa  for  singly-curved  plate,  as  presented  in  Section  2.  2, 
are  expressed  in  $/aq  ft  of  shell  surface.  The  cost  for  the  shell  of  a 
particular  arch  or  cylinder  can  be  determined  by  multiplying  the  unit  cost 
of  the  selected  plate  by  the  surface  area  of  the  structure.  Considerable 
savings  can  be  realized  by  the  use  of  high  strength  steel,  as  is  indicated  by 
the  following  tables. 


Table  3-9 

RELATIVE  COST  VERSUS  RELATIVE  COMPRESSIVE  YIELD  CAPACITY 
SINGLY-CURVED  CORRUGATED  STEEL  PLATES 

Dynamic  Yield  Strength  Relative  Relative 


Plate 

psi 

Cost 

Strength 

Corrugated 

44,  000 

1. 00 

1 . 00 

Corrugated 

60,  000 

1.17 

1 .  36 

Corrugated 

100,  000 

1.  35 

2.  28 
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Table  3-10 


RELATIVE  COST  VERSUS  RELATIVE  COMPRESSIVE  YIELD  CAPACITY 
FOR  SINGLY-CURVED  UNIFORM -THICKNESS  STEEL  PLATE 


Plate 

Dynamic  Yield  Strength 

psi 

Relative 

Cost 

Relative 

Strength 

Uniform 

44,000 

1.00 

1. 00 

Uniform 

60,  000 

1. 10 

1. 36 

Uniform 

100, 000 

1.27 

to 

t\J 

CO 

3.  27  Double-Curvature  Plates  in  Compression 

The  double -curvature  steel  plate  can  be  used  in  dome  and  sphere 
shelter  configurations.  The  design  considerations  for  double-curvature  plate 
are,  with  one  major  exception,  exactly  the  same  as  for  single  curvature 
plate.  Since  the  doubly-curved  plate  is  stressed  biaxially,  due  to  tho  two- 
way  action  of  the  loaded  dome,  the  net  result  is  that  a  doubly-curved  plate  can 
carry  twice  the  unit  load  which  the  same  area  of  singly-curved  plate  can 
support.  ThuB,  for  the  doubly-curved  plate,  assuming  that  only  axial  stresses 
are  effective, 


^cSL 


dy 


t 

T 


(3.27.1) 


where 


qc  =  unit  compressive  mode  yield  resistance,  (psi) 
=  diameter  of  dome  or  sphere,  (ft) 

=  dynamic  yield  strength  of  steel,  (psi) 
t  =  effective  thickness  of  plate,  (in.) 
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Since  double-curvature  corrugated  plate  is  currently  not  available, 
this  study  does  not  contemplate  its  use  in  buried  shelters.  Table  3.-11 
supplies  compressive  yield  capacities  for  uniform -thickness  steel  plate. 


Table  3,11 

COMPRESSIVE  YIELD  CAPACITY  FOR  DOUBLE -CURVATURE 
UNIFORM-THICKNESS  STEEL  PLATE,  POUNDS  PER  LINEAL  INCH 


Thickness 

inches 


Dynamic  Yield  Strength  of  Steel,  psi 


44,  000 


60, 000 


100,  000 


0.75 

66,  000 

0.50 

44, 000 

0.25 

22,  000 

90,000  160,000 
60,  000  100,  000 

30,  000  50,  000 


The  general  cost  relationships  which  are  discussed  for  single¬ 
curvature  shell  structures  are  also  valid  for  doubly-curved  plates.  Unit  costs 
of  double- curvature  uniform  plate,  expressed  in  $/sqft  of  shell  surface,  are 
given  in  Chapter  2, 
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3.3  Reinforced  Concrete 


3.  31  Introduction 

The  analyses  of  structural  steel  elements  have  considered  only 
standard  rolled  shapes  and  plates,  excluding  built-up  members  and  special 
fabrications.  Steel  elements  are  analyzed  by  selecting  the  rolled  shapes  or 
plates  which,  at  least  in-place  cost,  will  furnish  the  required  load  resistance. 
Steel  yield -strength  is  included  as  a  variable  in  the  structural  steel  evalua¬ 
tions,  which  increases  the  number  of  possible  design  solutions.  However, 
simple  evaluations  of  relative  strength  versus  relative  cost  rapidly  indicate 
<the  most  economical  design. 

Several  variables,  in  addition  to  strength  of  reinforcement  steel, 
must  be  identified  when  reinforced  concrete  is  Btudied  for  use  as  a  structural 
material.  In  normal  practice,  a  reinforced  concrete  element  is  uniquely 
designed  and  fabricated  for  its  intended  function.  It  thus  becomes  feasible  to 
specify  those  structural  forms  and  shapes  which  permit  the  most  advantageous 
use  of  the  material.  Since  the  proportions  and  strength  properties  of  the 
concrete  constituents  may  themselves  be  varied,  it  is  also  desirable  to 
establish  the  optimum  material  combination,  for  each  particular  use. 

In  this  study,  the  analyses  of  reinforced  concrete  elements  commence 
by  identifying  the  controlling  modes  of  failure.  These  critical  modes  are  then 
expressed,  for  a  range  of  loading  intensities,  in  terms  of  total  required  structural 
resistance.  The  relative  contributions  to  total  structural  resistance,  made  by 
the  concrete  and  by  the  reinforcing  steel,  are  next  evaluated.  For  each  general 
case  of  loading,  considering  only  the  requirement  for  a  specified  ability  to 
support  load,  several  combinations  of  concrete  and  reinforcing  steel  are  found 
to  be  adequate,  Finally,  by  analyzing  costs  for  each  of  the  feasible  material 
combinations,  a  minimum-cost  design  is  obtained  for  each  structural  element. 

The  factors  influencing  the  economics  of  the  reinforced  concrete 
elements  are  explored  in  considerable  detail.  Representative  grades  of 
concrete  and  reinforcing  steel,  with  estimates  of  their  in-place  costs,  are 
discussed  in  Chapter  i.  The  cost  of  form  work  is  frequently  found  to  be  a 
major  factor  in  establishing  minimum-cost  designs.  By  way  of  illustration,  the 
cost  of  wooden  forms  will  frequently  represent  over  50  percent  of  the  total  cost 
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of  a  reinforced  concrete  element.  Unfortunately,  the  cost  of  form  work 
cannot  be  estimated  with  the  same  precision  as  can  the  basic  material  costs. 

3.32  Axially-Loaded  Column  or  Bearing  Wall 

Axially-loaded  columns  of  reinforced  concrete  can  be  used  in 
buried  group  shelters  as  vertical  members  of  a  column-slab  system,  as 
interior  columns  in  a  continuous  structure,  or  as  exterior  supporting 
members  where  significant  moment  is  not  transferred  to  the  column  from 
the  floor,  roof  or  walls.  A  unit  length  of  an  axially-loaded  bearing  wall 
may  also  be  considered  as  a  column,  hence,  the  same  design  equations 
are  applicable  to  the  column  and  to  the  bearing  wall.  In  the  case  of  the 
wall,  however,  a  minimum  percentage  of  transverse  steel  iB  specified  to 
provide  for  temperature -induced  stresses. 

The  ultimate  dynamic  strength  of  reinforced  concrete  column  or 

bearing  wall,  assuming  an  equivalent  static  load  is  applied  axially,  is  ex- 

.  (37) 

pressed  as' 

Pdo  =  °-85fdc  <A-A.)  + Vdy  (3.32.1) 

where 

P£jo  =  ultimate  dynamic  strength  in  direct  compression 

of  an  axially-loaded  reinforced  concrete  column,  (lb) 

f'cjc  =  unit  compressive  strength  of  concrete 
under  dynamic  loading,  (psi) 

A  =  cross-section  area  of  column  or  of  a  unit  length 
of  bearing  wall,  (sq  in. ) 

Ag  =  total  cross-sectional  area  of  main  reinforcing  3teel 
in  column  or  in  a  unit  length  of  bearing  wall,  (sq  in,  ) 
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Equation  3.  32.  1  is  considered  valid  for  H/D  tS  1 .  25  where 


H  =  unsupported  height  of  column,  (ft) 

D  =  gross  column  width'in  potential  plane  of  bending,  (in.) 

Since  the  area  of  reinforcing  steel  is  small  in  comparison  with  the 
gross  column  area  for  typical  reinforced  concrete  columns,  (A  -  Aa)»  A  . 
With  this  approximation, 


do 


0.85Af'dc  +  A0fdy 


<  3.  32.  2) 


Also,  defining 


pt 


and 


„  dy 

*dt  =  pt  — ' 
*dc 


this  becomes 


do 


A  f 


dc 


0.  85  +  q 


■dt 


(3.  32.  3) 


The  ultimate  dynamic  resistance  of  a  column  or  bearing  wall  to 
axially-applied  compressive  loading,  as  indicated  by  Equation  3.  32.1,  is 
related  to  the  cross -sectional  areas  of  steel  and  concrete  and  to  the  maximum 
stresses  which  can  be  resisted  by  these  materials.  The  ultimate  dynamic 
strength  of  the  concrete  and  the  yield  resistance  of  the  reinforcing  steel  are 
assumed  to  combine  linearly  at  ultimate  column  strength.  Thus,  an  economic 
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evaluation  of  reinforced- concrete  column  design  must  examine  the  relative 
costs  of  concrete  and  of  steel,  as  well  as  the  contribution  which  each 
material  makes  to  total  column  strength.  A  minimum  percentage  of  steel 
reinforcement  is  specified,  however,  since  some  loading  eccentricity  is 
almost  unavoidable.  (It  is  recommended  that  reinforcement  for  columns  be 
provided  in  the  form  of  spiral-wound  bars.)  Bearing  walls  must  also  contain 
transverse  temperature  reinforcement,  in  addition  to  main  reinforcing  steel. 

The  unit  costs  of  axially-loaded  columns  or  bearing  walls  can  be 

related  to  the  cost  factors  C  ,  C  and  C . .  The  coBt  factor  C  refers  to  the 

c  8  X  C 

cost  pf  the  concrete,  per  linear  foot  of  column  or  per  square  foot  of  bearing 
wall  surface.  Cost  factors  C  and  C ,  refer  to  costs  of  reinforcing  steel  and 
form  work,  respectively,  in  a  unit  of  the  structural  element.  The  cost  factor 
C  refers  to. the  cost  of  temperature  or  tie  steel  in  a  unit  of  the  structural 


element.  These  cost  factors  can  be  expressed  as 

Cc  (column)  =  Xfi  (  3.  32.  4a) 

,Cd  (wall)  =[£]  Xc  (3.32.4b) 

C8  (oolumn)  =  X,  (3.32.5a) 

C0  (waU)  =  [^].[4i]  X9  (3.32.5b) 

Cst(column)a^^_J|^  Xg  (3.3  2.6a) 

Cst<wall>  =MlTw]  Xs  (3.32.6b) 

(column)  =  X^  (column)  Pr  (3.  32.7a) 

Cf  (wall)  =  Xf(wall)  (3.32.7b) 
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where 


Xc  =  unit  cost  of  concrete,  ($/ft^) 

Xg  =  unit  cost  of  steel,  ($/ft^) 

X£  =  unit  cost  of  form  work,  {$/sq  ft) 

Pr  =  perimeter  of  column,  (ft) 

«St  =  total  area  of  main  reinforcing  steel  expressed  as  percentage 

of  gross  concrete  area,  (normally  0.  50%) 

^te  =  transverse  or  temperature  steel  area  expressed  as 

percentage  of  gross  concrete  area,  (normally  0.  10%) 

The  composite  cost  factor  for  a  wall  or  column,  per  square  foot 
or  linear  foot  respectively,  can  be  expressed  as, 

Ct  =  C.  +Cg  +Cflt  +  C£  (3.32.8) 


For  the  applications  considered  in  this  study,  by  assuming 
compressive  axial  loading  and  estimating  in-place  costs,  it  is  found  that  the 
cost  of  the  reinforcing  steel  in  a  concrete  compression  member  is  approx¬ 
imately  five  times  the  cost  of  the  equivalent  amount  of  concrete  with  the  same 
load  capacity.  Thus,  for  reasons  of  economy,  steel  reinforcement  in  axially- 
loaded  concrete  compression  members  is  kept  to  a  minimum. 

3.  33  One-Way  Reinforced  Slabs  and  Beams 
3.  33.  1  Design 

One-way  reinforced  concrete  beams  and  slabs  can  be  used  in  the 
roof  or  floor  of  the  cubicle,  The  ultimate  resistance  of  all  types  of  reinforced 
concrete  slabs  or  beams  can  be  expressed  in  terms  of  the  possible  modes  of 
failure.  Thus,  for  purposes  of  this  study,  the  limiting  resistances  of  the 
member  in  shear  and  in  flexure  are  separately  identified.  Failure  due  to 
inadequate  bonding  of  the  reinforcing  steel  is  also  a  possibility,  but  can  be 
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controlled  by  proper  detailing  of  reinforcement.  Analyses  of  the  shearing 

mode  have  considered  the  ability  of  a  member  to  resist  "pure"  shear 

stresses,  as  well  as  its  resistance  to  diagonal  tension  and/or  shear  compression. 

The  analyses  of  the  possible  failure  modes  for  reinforced  concrete 
beams  or  slabs  assume  that  plastic  yielding  is  initiated  at  locations  of 
maximum  moment  as  flexural  stresses  are  increased.  As  plastification 
progresses  at  such  sections,  subsequent  increases  in  flexural  stresses  will 
be  transferred  to  other  locations  with  reserve  mom  ent- resisting  capacity, 

This  process  of  stress  readjustment  and  progressive  plastic  yielding  will 
continue  until  a  yield  mechanism  has  developed  in  the  member.  The  unit 
loading  corresponding  to  this  condition  of  incipient  plastic  collapse  is 
considered  as  the  ultimate  flexural  resistance  for  the  slab  or  beam. 

Axial  thrust  will  frequently  occur  in  combination  with  transverse 
loading,  as  in  monolithic  construction  where  a  continuous  roof  Blab  supplies 
the  reaction  for  lateral  wall  loading.  However,  selective  analyses  of  the 
reinforced  concrete  beam-columa  show  that  this  axial  thrust,  if  limited  to  a 
fraction  of  the  total  vertical  load  on  the  member,  will  increase  the  flexural 
capacity  of  an  under-reinforced  beam-column.  ThuB,  for  the  spans  and  types 
of  loading  anticipated  in  this  study,  the  flexural  capacity  of  concrete  roof  or 
floor  slabs  will  not  be  reduced  by  axial  thrust. 

Computing  equations  for  one-way  reinforced  slabs  or  beams  with 
various  conditions  of  end  restraint  are  presented  in  the  following  paragraphs. 

( 1 )  Simply-Supported  One-Way  Beam  or  Slab 

The  maximum  flexural  stress  will  occur  at  mid- span.  The  plastic 
resisting  moment  of  the  reinforced  cross  section  can  be  approximately 
expressed  as 


M  =  0.  009  <t>  d2  f  , 
p  c  dy 


(3.  33.  1) 


Or,  expressing  in  terms  of  the  unit  flexural  resistance  and  the  loaded 
area  of  beam  or  slab. 
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(3.  33.  2) 
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where 


qgc  a  unit  diagonal  tension  or  shear  compression  mode 
resistance  of  beam  or  slab,  ( psi) 

O'  =  ratio  of  negative  to  positive  reinforcement  percentages 
at  critical  section 

To  make  provision  for  possible  stress  reversals  in  blast 
loading,  a  minimum  value  of  O'  a  0.  25  will  be  stipulated 
for  all  flexural  reinforced-concrete  members. 

f'c  s  unit  static  compressive  strength  of  concrete  (psi),  based 
,  on  the  standard  28  -day  cylinder  test. 

Note  the  assumption  that  qgc  is  limited  by  static  concrete 
strength. 


Rearranging  terms, 


qacB  0.  0603  /  a 2 
— S  e  (2  + O')  \|f  c 


(3.  33.  4b) 


If  web  reinforcement  is  provided  in  the  form  of  vertical  stirrups, 
as  is  considered  feasible  in  beams  or  slabs  where  d  St  10  in,  ,  the  onset  of 
diagonal  tension  cracking  will  be  inhibited.  The  resistance  of  the  member 
will  then  become^ 


0.  0603  ,  d,2 

(2+o')  lr) 


'  c  c' 


1/2 


1  +  0.  00002 ivfdy 


(3.  33.  5a) 


where 


=  percentage  of  web  reinforcing  steel 
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A  minimum  value  of  ^  =0.  50%  is  assumed  for  all  cases  where  web 

v  (1) 

reinforcement  is  employed'  ' . 

Rearranging  terms, 


0.  0603  +  0.  000001  206  j!  f, 
_ v  dy 

[2  +  3') 


.  c  c 


(3.  33.  5b) 


The  inclusion  of  compressive  steel  does  not  increase  the  flexural 
capacity  of  a  simply-supported,  under -reinforced  beam  or  slab.  Equation 
3.  33.  5  also  suggests  that  the  resistance  of  the  beam  or  slab  in  shear 
compression  and  diagonal  tension  will  be  reduced  by  an  increase  in  O' , 
although  this  apparent  decrease  may  not  be  real.  The  net  result,  however, 
is  to  favor  the  use  of  the  minimum  specified  value  for  O'.  If  so  desired, 
Equation  3.  32,  5b  and  subsequent  equations  may  be  simplified  by  introducing 
O'  =  0.  25. 

Considering  the  "pure"  shear  failure  mode,  the  total  shearing 

(2) 

resistance  of  the  cross-section  of  the  beam  or  slab  is  expressed  as'  ' 


V  a  0.  22  bd  f 1 
u  c 


(3.  33.  6) 


where 


=  ultimate  shearing  resistance  of  cross-section  of  beam 
or  of  unit  width  of  slab,  (lb) 

The  maximum  shear  will  occur  at  the  face  of  the  support.  Since 
(2) 

the  use  of  inclined  bars  '  to  resist  shear  has  not  been  considered  in  this 
study,  the  shearing  resistance  of  the  concrete  will  control.  The  shearing 
resistance  of  the  member  is  expressed  in-terms  of  static  concrete  strengths 
as 


q  x  12  B  x  12  L 

— - - r -  =  V  =  0.  22bdf’  (3.33.7a) 

2  u  c 
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where 


qv  =  unit  shearing  mode  resistance,  ( psi) 
Rearranging  terms. 


q  B  •  ,  ,  v 

=  0.  0030  6 f'c  (3.33.7b) 

Equations  3.  33.  3  to  3.  33.7,  inclusive,  express  the  unit  ultimate 
resistances  of  one-way  reinforced  concrete  beams  or  slabs  with  simply- 
supported  ends.  By  solving  any  two  equations  simultaneously,  expressions 
can  be  obtained  for  balanced  ultimate  resistances  in  any  two  cf  these  failure 
modes.  In  practice,  the  beBt  procedure  is  to  solve  Equations  3.  33.  3  and 
3.  33.  5b  simultaneously,  setting  =  qgc  . 


(3.  33.  8a) 


Solving  this  expression  for  yields, 


(3.  33.  8b) 


The  use  of  values  of  satisfying  Equation  3.  33.8b  will,  in  theory, 

result  in  equal  ultimate  strengths  in  flexure  and  in  diagonal  tension  or  shear 
compression  for  simply- supported,  one-way  reinforced  concrete  slabs  or 
beams.  It  is  still  possible  that  'pure"  shear  may  control  the  design.  However, 
this  may  be  checked  either  by  use  of  Equation  3.  33.  3  or  by  the  plotted  relation¬ 
ships  between  maximum  q'^  and  d/L  ,  as  shown  in  Figure  3-4,  where 


3-73 


Effective  Doplh-to-Span  Ratio  for  Slab  (cI/E  or  d/Lg)  in.  /ft 

Figure  5-4 

LIMITING  COMBINATIONS  OF  q  ,  AND  d/L  FOR  Sl, ABS 
WHOSE  ULTIMATE  RESISTANCE  IN9  FLEXURE  (q,)  DOES  NOT 
EXCEED  THEIR  ULTIMATE  RESISTANCE  IN  PURE  SHEAR  (ci  ) 


ij 

qt - 

qd  ~  100  f' 

c 

The  minimum  value  of  0.25  which  is  specified  for  i>c  will  exclude 
the  use  of  very  lightly-reinforced  sections.  Also,  since  an  abrupt  failure  is 
considered  particularly  undesirable,  the  maximum  value  of  should  be 
limited  to  ensure  that  the  yield  strength  of  the  main  reinforcing  steel  will 
govern  the  flexural  resistance  of  the  cross  -  section^ _  While  the  limiting 
values  of  corresponding  to  under-reinforced  flexural  sections  are  related 
to  the  ratio  f^/f^  ,  it  has  been  suggested^  ’  ^  that  the  maximum  value  of 
<j> ^  should  not  exceed  2  percent  for  structural  grade  (f^  =  44  kips)  reinforce¬ 

ment. 

Table  3-12  can  be  used  to  obtain  values  of  i  which,  for  specified 
levels  of  O'  and  and  for  arbitrary  levelB  of  f 'c  ,  result  in  q^  =  d8C  •  An 
acceptable  value  of  <t c  must  lie  between  the  specified  minimum  and  maximum 
limits.  The  resistance  function  qL^/^  for  a  one-way  reinforced  slab  can 
then  be  computed,  combining  the  selected  value  of  i  with  the  given  values 

C 

for  q  and  L  .  The  required  depth  of  slab  corresponding  to  this  resistance 
function  can  then  be  read  directly  from  the  table.  If  a  one-way  reinforced 
beam  of  spacing  B  ft.  is  to  be  designed,  the  function  12qBL  f4c  must  be 
computed  and  used  in  lieu  of  qL^/jS^  ,  After  the  depth  of  beam  or  slab  has 
been  determined  from  Table  3-12,  a  check  must  be  made  in  order  to  ensure 
that  "pure"  shear  will  not  control  the  design. 

(2)  Fixed-End  One-Way  Beam  or  Slab 

The  maximum  flexural  stresses  in  a  fixed-end  beam  or  slab  will 
occur  at  mid-span  and  at  the  supports. 


q^  x  1  2  B  x  144  L 


=  0.009  <?*c+«(e)  W  fdy 


(3.  33.  9a) 


where 


=  effective  tensile  steel  percentage  at  (he  supports 
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Table  3-12 


STANCE  FUNCTIONS  FOR  ONE-WAY  REINFORCED 
CRETE  SLABS  AND  BEAMS,  SIMPLY  SUPPORTED 


44,  00  0 

52,  000 

60, 000 

75, 000 

u m 

0.25 

■ 

Read  value  of  k.  Compute  =  f^/k. 

8290 

6510 

11580 

8670 

15410 

13540 

24080 

2250 

4010 

28  30 

5020 

3400 

6040 

gj|g|g|J 

1320 

2350 

1 "  70 

2790 

1800 

3200 

pgfplli 

870 

1550 

10  00 

1770 

•  1290 

2290 

9. 

.  L2  q  L  2 

Resistance  Function  — 

,  =  - (psi-sqft) 

c  c 

1320 

1560 

1800 

2250 

1990 

2350 

2710 

3380 

2910 

3440 

3970 

4960 

4010 

4740 

5470 

6830 

5290 

6250 

7210 

9010 

6740 

7960 

9190 

11480 

8370 

9890 

11410 

14260 

10170 

12020 

13870 

17330 

12.150 

14360 

16570 

20700 

14310 

16910 

19510 

24400 

16340 

19310 

22300 

27900 

18820 

22200 

25700 

32100 

21500 

25400 

29300 

36600 

24300 

28800 

33200 

41500 

27  300 

32300 

37300 

46600 

30  500 

36100 

41600 

52000 

33900 

40100 

46200 

57800 

37400 

44200 

51100 

63800 

41200 

48600 

56100 

70200 

45100 

53200 

61400 

76800 

48600 

57400 

66300 

82800 

52800 

62400 

72000 

90000 

57200 

67600 

78000 

97500 

61800 

73000 

84300 

105300 

66600 

78700 

90800 

113400 

71  500 

84500 

97500 

121800 

3-76 


Rearranging  terms, 


0.0000416  (iic  +  j5e)  (-J-)2  fd  (3.33,9b) 

For  this  study,  the  percentages  of  positive  reinforcement  and  of 
negative  reinforcement  for  fixed -end  slabs  and  beams  are  taken  as  equal, 
hence  .  Equation  3.  33.  9b  thus  becomes, 


*f 


B 


0.  0000833  «Sc  (~j‘ 


dy 


(3.  33.  10) 


The  resistance  of  a  fixed-end  beam  or  slab  to  diagonal  tension  and 
shear  compression,  assuming  no  web  reinforcement,  can  be  expressed  as^ 


q  x  1 2  B  x  1 44  L 
Msc 


254  2  (TTT- 

(2  +  0')  d  fc^c 


(3.  33.  11a) 


Rearranging  terms, 

q  B  0.147  /  j .  2  - . 

■  -jz+oqlfj  J'i'T  (3.  33.  lib) 

Web  reinforcement  in  the  form  of  vertical  stirrups  will  increase  the 
resistance  of  the  slab  or  beam  to  this  mode  of  failure,  as  indicated  in  the 
following  expressions: 


0.  147  /  .  v2  _ _ 

(2+  0')(x/  \|f'c 


1  +  0. 00002(4  f  .  , 

L  v  dyJ 


(3.  33.  12a) 


or 
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q  B 
nsc 


"o. 


147  +  0.  0000294  j*yfdy 


(2  +  9') 


,1/2/d 


(3.  33.  12b) 


Equal  areas  of  tension  reinforcement  are  assumed  for  the  top  and 
bottom  of  the  slab  or  beam  =  ^c)  ,  and  a  minimum  ratio  of  compressive 
steel  to  tension,  steel  (01  =  0.25)  is  specified  for  all  reinforced-concr ete 
flexural  members.  Since  there  is  no  requirement  for  large  open  areas  in 
hardened  group  shelters,  economic  considerations  will  undoubtedly  favor  the 
use  of  short  spans.  Evaluating  these  factors,  in  many  cases  of  practical 
interest  it  is  anticipated  that  areas  of  top  and  bottom  steel  in  fixed-edge 
flexural  members  will  be  equal  and  remain  constant  throughout  the  length  of 
the  member  (^  =  <j>^  =  ^  ,  0'  =  1.0),  This  assumption  could  be  introduced 
in  Equation  3.  33.  12  and  subsequent  derivations,  if  so  desired. 

The  resistance  of  the  cross-section  of  the  fixed-end  beam  or  slab 
to  "pure"  shear  is  identical  with  that  determined  for  the  simply-supported 
beam  or  slab, 


q  B  /  ,  v 

— =  0. 00306  f'c  [-£-)  (3.33.7b) 

Thus,  Equations  3.  33.  10,  3.  33.  12  and  3.  33,  7b  express  the  ultimate 
resistances  q^,  qsc>  and  qy  for  a  one-way  reinforced  concrete  beam  or  slab 
with  fixed  ends.  Proceeding  as  explained  for  the  simply- supported  case, 
equating  q^.  and  qg^  yields, 


1  765  +  0.0353  «Svfdy 


u2 


v^0,) 


for  qf 


qsc  (3.33.13) 


Values  of  obtained  from  this  equation  must  be  checked  by  use 
of  Equation  3.  33.  7b  or  Figure  3-4  to  ensure  that  "pure"  shear  does  not  control. 
Also,  must  be  kept  within  stipulated  minimum  and  maximum  limits,  for 

the  reasons  previously  described.  Table  3-13  can  be  used  to  design  fixed-end 
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Table  3-13 


RESISTANCE  FUNCTIONS  FOR  ONE-WAY  REINFORCED 
CONCRETE  SLABS  AND  BEAMS,  BOTH  ENDS  FIXED 


fdy  (PSl>  * 

44,  000 

5,2,  000 

60,  000 

75,  000 

e*  = 

1.00 

0.25 

1.00 

Read  value  of  k.  Compute  =  f'c/k. 

i  =  o.o 

v 

MM 

9140 

16250 

K  =  °-5 

m 

3380 

2290 

4060 

2990 

5310 

^=1-0 

890 

1580 

1060 

1880 

1210 

2150 

1460 

2600 

K  =  1.5 

580 

1040 

670 

1190 

750 

1330 

HZ9 

1540 

Required 
Depth  of  Beam 

Resist 

T  2  ,  2 

q ^  L  q  la 

lance  Function  — n —  =  — —  (psi-.sqft) 

D(in.) 

d(in. ) 

i 

10 

7.  75 

2640 

3120 

3600 

4510 

12 

9.50 

3970 

4690 

5420 

6770 

14 

11.50 

5820 

6880 

7940 

9920 

16 

13.50 

8020 

9480 

10940 

13670 

18 

15.  50 

10570 

12490 

14420 

18020 

20 

17.50 

13480 

15930 

18380 

23000 

22 

19,  50 

16730 

19770 

22800 

28500 

24 

21. 50 

20300 

24000 

27700 

34700 

26 

23.  50 

24300 

28700 

33100 

41400 

28 

25.  50 

28600 

338  00 

39000 

48800 

30 

27.25 

32700 

38600 

44600 

55700 

32 

29.25 

37700 

44500 

51300 

64200 

34 

31.25 

43000 

50800 

58600 

73200 

36 

33.25 

48700 

57500 

66300 

82900 

38 

35.25 

54700 

64600 

74600 

93200 

40 

37.  25 

61100 

72200 

83300 

104100 

42 

39.25 

67800 

80100 

92400 

115500 

44 

41.25 

74900 

88500 

102100 

127600 

46 

43.25 

82300 

97300 

1 12200 

140300 

48 

45.25 

90100 

106500 

122900 

1 53600 

50 

47.00 

97200 

114900 

132500 

165700 

52 

49.  00 

105600 

1 24900 

144100 

180100 

54 

51.00 

1 14400 

1 35300 

156100 

195100 

56 

53.  00 

1 23600 

146100 

168600 

211000 

58 

55.  00 

1 33100 

1 57300 

181500 

227000 

60 

57.  00 

143000 

169000 

194900 

244000 
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slabs  and  beams,  following  the  procedures  described  for  the  simply -supported 
beam  or  slab.  Its  applicability  is  limited  to  cases  where  "pure"  shear  will 
not  control  the  design. 

( 3)  One-Way  Beam  or  Slab  with  One  End  Fixed,  One  End  Simply-Supported 

The  maximum  flexural  stresses  in  a  beam  or  slab  with  one  end 
fixed  and  one  end  simply- supported  will  occur  at  the  fixed  end  and  approximately 
at  the  center  of  the  member. 


«f 


x  12B  x  1  44  L 


8 


0.009 


*c+f 


bd2  f 


dy 


[3.  33.  14a) 


where 


=  tensile  steel  at  the  fixed  support. 

The  terms  of  Equation  3.  33.  14a  can  be  rearranged  to  yield, 


0.  0000416 


By  assuming  that  <t>e  ,  Equation  3.33.  14b  becomes 


0.  0000625  <t> 

c 


(3.  33.  14b) 


(3.  33.  15) 


The  resistance  of  the  beam  or  slab  to  diagonal  tension  and  shear 
compression,  assuming  no  web  reinforcement,  can  be  expressed 


q  x  12  B  x  144  L2 
^sc _ 

b 


1  37 

'(2  +  0’) 


(3.  33.  36a) 
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Rearranging  terms, 


0-0793/^2 
(2  +  9 ')  \L  1 


(3.  33.  16b) 


If  vertical  stirrups  are  provided  for  web  reinforcement,  the 
resistance  of  the  beam  or  slab  to  diagonal  tension  or  shear  compression  is 
computed  from  the  following: 


B 


0.  0793 

(2  +  9 ') 


1  +  0. 00002 


(3.  33.  17a) 


By  rearranging  terms,  this  becomes 

2 

(f,c*c)1/2(i;)  <3-33’17b) 

The  maximum  shear  will  occur  at  the  face  of  the  fixed  support, 
where  the  total  shear  V=  5/8  (q  x  1 2  L  x  1 2  B) .  The  ultimate  shearing 
resistance  of  the  cross-section  of  the  beam  or  slab  can  be  expressed  as 


q  B 
nsc 


0. 0793  +  0. 000001586  4  i , 

_ v  dy 


72T51 


(q  x  12B  x  12  L>)  =  V  =  0.22bdf' 
8  v  '  u  c 


(3.  33.  18a) 


Rearranging  terms, 


q  B 
b 


0.  00244 f'c  (j-j 


(3.  33.  18b) 


Equations  3.  33.  14,  3.  33.  1  7  and  3.  33.  18  express  the  ultimate 
resistances  q^,  qgc  ,  and  qy  for  a  one-way  reinforced  concrete  beam  or  slab, 
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Table  3-14 


RESISTANCE  FUNCTIONS  FOR  ONE-WAY  REINFORCED  CONCRETE 
SLABS  AND  BEAMS,  ONE  END  FIXED,  ONE  END  SIMPLY  SUPPORTED 


£dy  <P9i) 


O'  = 


44,  000 


52,  000 


60,  000 


75,  000 


0.25  1.00  0.25  1. 00  0.25  1.00  0.25  1.00 


Read  value  of  k.  ( 

lomput.e 

4  =  v 

c  c 

/k. 

V 

0.  0 

6080 

10800 

8490 

15090 

11300 

20090 

17660 

31390 

V  ” 

0.  5 

2930 

5210 

3670 

6530 

4410 

7850 

5770 

10250 

V  " 

1.0 

1720 

3060 

2040 

3630 

2340 

4150 

28  30 

5020 

V  ~ 

1.5 

1130 

2010 

1300 

2300 

1440 

2560 

16  70 

2970 

Required 
Depth  of  Beam 


Resistance  Function 


T  C,  ,  L 


D(in.) 

d(in. ) 

c  c 

10 

7.  75 

1980 

2340 

2700 

3380 

12 

9.  50 

2980 

3520 

4060 

5080 

14 

11. 50 

4360 

5160 

5950 

7440 

16 

13.  50 

6010 

7110 

8200 

10250 

18 

1  5.  50 

7930 

9370 

10810 

13510 

20 

1  7.  50 

10110 

11940 

13780 

17230 

22 

19.  50 

12550 

14830 

17110 

21400  ■ 

24 

21.  50 

15250 

18030 

20800 

26000 

26 

23.  50 

18220 

21500 

24900 

31100 

28 

25.  50 

21500 

25400 

29300 

36600 

30 

27.  25 

24500 

29000 

33400 

41800 

32 

29.  25 

28  200 

33400 

38500 

48100 

34 

31.25 

32200 

38100 

44000 

54900 

36 

33.  25 

3650  0 

43100 

49800 

62200 

38 

35.  25 

41000 

48500 

55900 

69900 

40 

37.  25 

45800 

54100 

62400 

78100 

42 

39.  25 

50800 

60100 

69300 

86700 

44 

41. 25 

56200 

66400 

76600 

95700 

46 

4  3.  25 

61700 

73000 

84200 

105200 

48 

45.  25 

67600 

79900 

92100 

115200 

50 

47.  00 

72900 

86200 

99400 

124300 

52 

49.  00 

79200 

93600 

1 08100 

.135100 

54 

51. 00 

85800 

101400 

1 17100 

146300 

56 

5  3.  00 

92700 

109600 

126400 

1 58000 

58 

55.  00 

99800 

1 18000 

1 36100 

1 70200 

60 

57.  00 

107200 

1 26700 

146200 

1 82800 
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with  one  end  fixed  and  the  other  end  simply  supported.  Equating  the 
expressions  for  and  qgc  yields 


for  qf  =  qec  (3.  33.  19) 


The  use  of  values  of  cSc  obtained  from  Equation  3.  33.  11  will,  in 
theory,  result  in  equal  ultimate  strengths  in  the  flexural  mode  and  in  the 
diagonal  tension  or  shear  compression  mode.  The  possibility  of  a  failure  in 
"pure"  shear  must  be  checked  by  Equation  3.  33. 10.  Ab  explained  for  the 
simply- supported  and  fixed- end  cases,  the  value  selected  for  6^  must  lie 
within  specified  maximum  and  minimum  limits,  Table  3-14  can  be  used  to 
facilitate  the  design  of  slabs  and  beams  with  one  fixed  end  and  one  simply- 
supported  end.  Its  applicability  is  limited  to  cases  where  "pure"  shear  will 
not  control  the  design, 

3.  33.  2  Cost  Studies 

The  anticipated  widespread  use  of  one-way  reinforced  concrete 
slabs  in  shelter  construction  warrants  some  detailed  evaluation  of  their 
optimum  costs.  The  total  cost,  Ct,  of  an  element  of  a  one-way  slab  or  beam 
is  considered  as  the  sum  of 


Ct  =  Cc+C8  +  Cv  +  Cst  +  Cf  (3.33.20) 

where 

Ct  =  factor  for  composite  cost  per  unit  of  structural  element, 
($/sq  ft) 

Cc  =  cost  factor  per  unit  of  structural  element  for  concrete, 
($/sq  ft) 

Cg  =  cost  factor  per  unit  of  structural  element  for  reinforcing 
steel,  ($/aq  fi) 
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Cy  =  cost  factor  per  unit  of  structural  element  for  shear  steel, 
if  required,  ($ /aq  ft) 

Cg(.  =  cost  factor  per  unit  of  structural  element  for  temperature 
reinforcement  steel,  if  required,  ($/sqft) 

=  cost  factor  per  unit  of  structural  element  for  form  work, 
($/sq  ft) 


To  illustrate  the  method  used  in  optimizing  slab  costs,  an  example 
is  presented  for  the  one-way  reinforced  slab  or  beam  with  fixed  ends.  The 
approach  is  a  general  one,  and  similar  cost  studies  can  be  performed  with 
other  assumptions  as  to  end  restraint, 

( 1 )  Determination  of  Effective  Slab  Depth,  d 

The  values  for  effective  slab  depth  d,  as  used  in  the  cost  equations, 
are  determined  from  the  basic  equation  for  ultimate  flexural  resistance  of  a 
reinforced  concrete  member  with  fixed  ends.  By  setting  and 

B  =  1/1  2b  in  Equation  3,  33.  10,  the  effective  depth  of  a  one-way  reinforced 
slab  with  fixed  ends  is  thus  expressed  as 


d  = 


1000  qfL2 

\  Vdy 


(3,  33.  21) 


(2)  Total  Cost  of  Concrete 

The  total  depth  of  slab,  D,  is  the  sum  of  the  effective  depth 
d  and  a  specified  depth  of  concrete  cover,  d1,  over  the  centroid  of  the  tension 
steel.  Relationships  between  d1  and  d  are  discussed,  for  specific  design 
examples,  in  Chapter  4  cf  this- report.  The  expression  for  the  total  cost  of 
the  concrete  in  a  reinforced  concrete  member  then  becomes 


X  D  L  b 


(3.  33. 22) 
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(3)  Total  Cost  of  Moment  Steel  Reinforcement,  <i> 

The  term  which  appears  in  the  analytical  equations,  describes 

the  maximum  required  percentage  of  positive  moment  reinforcing  steel.  Also, 

for  the  fixed  end  beams  considered  in  this  study,  &  =  &  .  The  total  cost 

c  e 

of  this  moment  steel,  however,  is  related  to  the  average  percentage  rather 
than  to  the  maximum  percentage.  Studies  of  typical  layouts  for  the  main 
reinforcing  steel  in  fixed-end  one-way  reinforced  beams  and  slabs,  with  0'  = 
0.25  and  indicate  the  approximate  relationship 

f 

<k  (average)  «4  1.  33  + 

c  c 

Introducing  this  simplification,  the  total  cost  of  the  moment  steel  in  a  one-way 
reinforced  fixed- end  concrete  member  can  then  be  written  as 


C-  =  X  1.  33  + 

S  8 


0.  278 


■  1‘- 


0.278 


][  TDT r  x  ~T2~  x  ~TZ~  x  L  j  <3,  33,  23a) 


fdy  ]  McbdLXs  ' 

c  J  u  14,400 


(3.33. 23b) 


(4)  Total  Cost  of  Diagonal  Tension  Reinforcement,  4 

As  in  the  analysis  of  the  cost  of  moment  reinforcement,  it  is 
necessary  to  relate  the  maximum  value  of  6  (as  supplied  by  the  analytical 
equations)  to  its  average  value  over  the  length  of  the  beam  or  slab.  Since 
the  concrete  and  the  stirrups  are  assumed  to  provide  additive  resistance  to 
diagonal  tension  stresses,  even  for  cases  where  4  o  it  may  result  that  no 
stirrups  are  required  in  regions  of  low  shearing  stresses.  Studies  of  typical 
layouts  for  stirrup  reinforcement  in  fixed-end  beams  indicate  the  approximate 
relationships 


(average)  » 


0.  000015  {S  f  , 
v  d' 


1  +  0.000020 


Ly _  ' 

r 


'  v  dy 


1 
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With  this  simplification,  Equation  (3. 33.  25a)  can  be  written  in 
terms  of  the  total  cross  sectional  area  (sq.  in)  of  stirrups  required  for 
diagonal  tension  reinforcement  in  a  one-way  reinforced  fixed-end  beam  or 
slab 


Av  (total)  = 


0.000015  s!  f  . 

v  dy 

12  ?!  Lb 

V 

,i  i 

(3.33.  25a)  j 

1  +  0. 000020  6  f  , 

*■  v  dy  J 

100 

i : 

The  volume  of  stirrup  steel  is  dependent  upon  the  detailed  layout 
of  the  reinforcement.  For  a  one-way  beam,  assuming  that  typical  "U"  stir¬ 
rups  are  hooked  over  the  moment  steel,  the  volume  (cu.in)  of  stirrup  steel  is 


V  = 
v 


1 

~T~ 


Ay  (total) 


[e(  d-d') 


+  b1  +  2  hooks 


Where  b'  is  the  width  of  each  stirrup.  This  relationship  can  be 
approximated,  for  computing  purposes,  as 


=  Ay  (total) 


d  + 


T 


With  this  further  approximation,  the  total  cost  of  stirrups  in  a  fixed-end,  one¬ 
way  reinforced  concrete  beam  is 


X  Lbdi 
v  V 

0.  000015  <t>  f  , 
v  dy 

2  + 

28, 800 

1  +  0,  000020  &  iA 

v  dy  J 

(3.  33.  26) 


For  fixed-end,  one-way  reinforced  slabs,  it  is  vi sualized  that  the 
stirrups  would  be  fabricated  as  a  continuous  frame.  The  required  width  b' 
between  vertical  portions  can,  for  this  case,  be  approximately  related  to 
the  effective  slab  depth.  If  there  are  n  vertical  members  in  each  diagonal 
tension  reinforcement  frame  set  transverse  to  the  longitudinal  bending  axis, 
then  b  =  12  B  and 


Vv  =  Av  (total) 


d-d'  + 


/  12  B  •  2  d'  \ 

TTTT  I 


Here  the  term 


1ZB  -2d1 

n  - 1 


replaces  the  term  b'  considered  for  the  beam.  Substituting 


for  — ,  on  the  reasoning  that  spacing  of  individual  stirrups  should  not  exceed 


one -half  the  effective  slab  depth,  an  approximation  of  the  total  volume  (cu.  in)  ol 
stirrup  steel  in  a  one-way  slab  is 


3-86 


1 


Vv  =  3/2  dAv  (total) 


With  these  approximations  the  total  cost  of  stirrups  in  a  fixed-end, 
one-way  reinforced  concrete  slab  is 


X  12BL  d  6 
v  v 


0.000015  {S  f  , 
v  d\ 

'T -TO.  000020  i 


(3. 33. 27) 


(5)  Total  Cost  of  Temperature  Steel, 

( 37) 

A  normal  requirement'  '  for  the  area  of  temperature  reinforcement 
steel  in  a  one-way  reinforced  slab  is  0.  OOEbD.  However,  since  the  cover  soil 
over  the  buried  slab  will  reduce  temperature  variations,  <b.  -  0.  10  is  specified 

in  this  study.  The  total  cost  of  the  temperature  steel  in  a  one-way  slab  can  then 
be  expressed  as 


v  f  *  t  e  1  b  D  L.1 

Xs  L  — R5T3 — J  -TtT  j 


(3.33.28a) 


X  i  .  bDL 
s  te 


(3.  33.  28b) 


(6)  Form  Work 

The  total  cost  of  the  form  work  for  a  one-way  reinforced  slab  can  also 
be  expressed  as  a  cost  equation.  Forming  costs,  due  to  increased  bracing  require¬ 
ments,  are  influenced  by  slab  depth.  This  is  primarily  of  concern  in  overhead  slabs 
where  increased  slab  depths  require  stronger  form  work  and  bracing  systems. 

A  depth  factor  k’£=  X£  +  0.  012D,  is  therefore  introduced  into  the  equation  for 
forming  costs  of  overhead  beams  and  slabs.  The  depth  factor  can  alternatively 
be  expressed  as  k'£=  X£  +  0.012  d  (1  +-j— )  . 


Overhead  Slab 


k£b  L 


(3.  33.  29a) 


Overhead  Beam 


kfL(b  +  D) 


(3.  33.  29b) 
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For  ground-level  construction  of  slabs  and  beam,  the  total  cost 
of  form  work  is  expressed  as 


Xfb  L 

Ground-Level  Slab  C_  =  -  (3.33.29c) 

F  12 

XfL(b  +  D  ) 

Ground  -Level  Beam  Cj,  =  - g -  (3.  33.  29 d) 

( 7)  Cost  Factors  Per  Square  Foot  of  Fixed-End  One-Way  Slab 

The  total  costs  given  by  Equations  3.33.22  to  3.33.29,  inclusive, 
can  be  expressed  in  terms  of  dollar  cost  per  square  foot  of  slab  by  sub¬ 
stituting  the  individual  cost  factors  into  Equation  3.  33.  20. 


C  =  C  +  C  +  C  +  C  .  +  C, 

t  c  s  V  St  f 


(3.  33.20) 


where 


C  = 
c 


C  = 
v 


12  C 

_ V 

SIT 


st 


12  C  -  X  _  D 

C  c 

EL 

12 

12  C  s  X 

8  f  c  d  f]  ^  +  °- 

278 

bL 

rr~ 

X  d  <t 
v  v  | 

'  0.  000015  (A  f  , 
v  dy 

- 

800 

1  +  0.  000020  <b  i 

V 

dy_ 

_  12  C  ST 

Xs  D 

b  L 

12, 000 

(3.  33.  30a) 

(3.  33.  30b) 


c 


(3.  33.  30o) 


(3.  33.  30d) 


12  C 


Overhead  Slab 


Cf  = 


"5IT 


(3.33. 30e) 


Ground  -  Level  Slab 


12  C 


TIT 


xr 


(3.  33.  3 Of) 
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(8)  Cost  Factors  Per  Lineal  Foot  of  Fixed-End  One-Way  Beam 

The  general  equation  for  the  composite  cost  of  a  unit  length  of 
beam  is  the  same  as  for  the  fixed-end  one-way  slab,  except  that  the  term  for 
the  cost  of  temperature  reinforcement  is  not  required.  With  this  modification, 
we  obtain 

C  =  C  +  C  +  C  +  C,  (3.  33. 31) 

t  C  8  V  f  ' 

Equations  3.33.30a  and  3.33.30b,  after  multiplying  by  ex¬ 

press  factors  C  and  C  for  a  lineal  foot  of  beam.  The  factor  C  can  be 

r  C  S  V 

obtained  from  Equation  3,  33.26,  after  dividing  by  the  beam  length,  L.  The 
cost  of  forming  a  lineal  foot  of  beam  is  given  by 

C 

Overhead  Beam  Cf  =  — =  k'f  -  y-?2-D }  (3.33.  32a) 

c 

Ground-Level  Beam  Cj  = - j~-  =  ^f-  ^  (3.33.32b) 

(9)  Minimum-Cost  Solution  for  Fixed-End  One-Way  Reinforced  Concrete  Slab 

Equations  3.  33.  20  and  3.  33.  30  express  the  cost  of  a  square  foot 
of  fixed-end  one-way  slab  by  relating  unit  material  costs  to  material  volumes. 
However,  these  cost  equations  in  themselves  provide  no  guidance  to  the  proper 
combination  of  material  and  design  parameters  for  optimum  m-place  cost. 

Such  information  is  of  prime  importance,  since  the  slab  element  is  generally 
the  most  costly  single  element  in  a  cubicle  structure.  When  total  structural 
costs  for  reinforced  concrete  shelters  are  studied,  it  becomes  apparent  that 
the  cost  of  the  reinforcing  steel  is  the  most  influential  of  those  material  par¬ 
ameters  which  can  be  varied  by  the  designer.  The  cost  factors  supplied 
by  Equation  3.33.30  can  be  expressed  in  terms  of  the  variable  ,  through 
the  relationship  given  by  Equation  3.  33.  21.  Also,  the  design  restriction  that 
qf  =  q  can  be  introduced  by  requiring  that  values  of  &  satisfy  both  Equation 

1  6C  C 

3.  33.  21  and  Equation  3.  33.  24. 

The  expanded  cost  factors  so  obtained,  when  substituted  in  Equation 
3.  33.  20,  result  in  a  general  expression  for  the  unit  cost  of  a  one-way  reinforced 
concrete  slab  with  fixed  edge  support  (see  Section  3.34.4).  Since  d  and  D 
both  appear  in  this  equation,  the  assumption  that  d  =  0.  9  D  is  next  introduced  . 
Two  cases  are  then  considered  ( 1 )  =  0  (2)  0.50  ^  1.50.  Obviously, 
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Minimum -co at  solutions  of  Equations  3.  33.  33  and  3.33.34, 
obtained  from  a  minimization  program  prepared  for  the  IBM  7090  computer, 
are  listed  in  Table  3-15.  For  each  clear-Bpan  length  of  slab  (ft)  and  equivalent 
loading  (psi),  and  for  each  specified  dynamic  yield  strength  of  reinforcing 
steel  (psi),  the  Table  supplies  values  of  f'c  (psi),  <j> ^  and  (%),  D  (in), 
corresponding  with  minimum  in-place  cost  ($/sq  ft).  In  several  cases, 
the  computed  cost  would  be  slightly  reduced  if  the  requirement  that 

were  replaced  by  a  requirement  that  ^  ^Q,  15,  in  conformance  with  conven- 

(3  7)  V 

tional  code  requirements.  The  values  of  L  shown  in  Table  3-15  were 

selected  on  the  basis  of  preliminary  layouts  for  shelters  of  a  cubicle  config¬ 
uration.  The  Table  can  be  used  to  select  the  optimum  one-way  slab  for  a 
specified  span  and  equivalent  loading,  if  the  basic  assumptions  of  the  cost 
equation  are  reasonably  well  satisfied.  These  assumptions  include: 
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a)  Slab  is  uniform  in  thickness,  one-way  reinforced,  with  fixed- 
edge  support.  The  value  of  L,  as  shown  in  Table  3-15,  is 
the  clear-span  distance  between  fixed  supports. 

b)  Slab  is  loaded  to  ultimate  capacity  in  flexure  and  in  diagonal 
tension  or  shear  compression.  Pure  Bhear  does  not  control 
the  design.  This  assumption  should  be  checked  by  the  de¬ 
signer  using  Equation  3.  33.  3. 

c)  6'  ,  the  ratio  of  negative  to  positive  reinforcement,  is  equal 
to  0.  25. 


d)  The  percentage  of  all  moment  steel,  averaeed  over  the  length 
of  the  slab,  is  equal  to  |j..33  +  j  <i>c ■  This 

incorporates  the  assumption  that  the  average  diameter  of  main 
reinforcing  bars  is  1.00  in. 


e)  If  web  reinforcement  is  used,  the  volume  of  stirrup  steel  per 
square  foot  of  slab  is  related  to  the  computed  maximum  stir¬ 
rup  requirement,  ,  by  the  relationship 

0.  000015  «Sv  fdy 

1  +  0.  000020  i  vf  , - 

dy  J 

Further,  all  stirrups  are  required  to  be  vertical. 


V  = 
v 


1.5  d  jSv 

rue — 


f)  The  effective  depth  of  the  slab  is  equal  to  0.9  times  its  total 
depth.  This. assumption  becomes  questionable  for  very 
shallow  or  very  deep  slabs.  For  such  cases,  a  simple  cor¬ 
rection  based  on  the  increment  or  decrement  in  concrete 
cover  should  supply  a  reasonable  estimate  of  in-place  cost. 

g)  Restrictions  on  the  percentages  of  main  reinforcement 
and  of  stirrup  steel,  and  of  applicable  range  of  concrete 
static  strengths  ,  are  as  follows. 


0.  25  4:  6c  S  2.  00 

<b  =0  or  0.  50  xr  4>  jC  1 . 50 
v  ^  v  ' 

20000  $  f  ^  6000 

c  ^ 
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TABLE  3-15 


OPTIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END 
ONE  WAY  REINFORCED  CONCRETE  SLABS 


(0.  25  4  ^  2 

c 

.00,  5iv 

=  0  or 

0.  50  <  <!> 

^  V 

1.50, 

L 

q 

f  2000  S  f'TJ  «  6000,  i  d  = 
dy  “  c  c 

0.JD) 

V 

D 

Ct 

ft 

pel 

Psi 

% 

% 

in 

$/aq  ft 

7.0 

10. 

44C0O . 

2100. 

0.68 

0. 

4.5 

1.75  . 

52000. 

2500. 

0.57 

0. 

4.5 

1.71 

60000. 

2500. 

0.50 

0. 

4.5 

1.6-7 

75000. 

3600. 

0.40 

0. 

4.5 

1.66 

7.0 

25. 

*4000. 

4COO  . 

1.29 

0. 

5.2 

2.19 

52000. 

5000. 

1.15 

0. 

5.0 

2.11 

60000. 

5900. 

1.C2 

0. 

5.0 

2.06 

75000. 

6000. 

0.66 

0. 

5.5 

2.05 

7.0 

50. 

44000. 

4000. 

1.29 

0. 

7.3 

2.74 

52000. 

5000. 

1.15 

0. 

7.1 

2.62 

60000. 

5900. 

1.02 

0. 

7.0 

2.54 

75000. 

6C00. 

0.66 

0. 

7.8 

2.53 

7.0 

75. 

44000. 

4000. 

1.29 

0. 

8.9 

3.  16 

52000. 

5000. 

1.15 

c. 

8.7 

3.01 

60000. 

5900. 

1 .02 

0. 

8.6 

2.92 

75000. 

5900. 

0.66 

0. 

9.6 

2.90 

7.0 

100. 

44000. 

4000. 

1.29 

0. 

10.3 

3.51 

52000. 

5000. 

1.14 

0. 

10.1 

3.34 

60000. 

5900. 

1.02 

0. 

9.9 

3.23 

75000. 

6000. 

0.66 

0. 

11.1 

3.21 

7.0 

150. 

44000. 

4000. 

1.29 

0. 

12.6  . 

4.10 

52000. 

5000. 

1.15 

0. 

12.3 

3.90 

60000. 

5900. 

1.02 

0. 

12.2 

3.76 

75000. 

6000. 

0.66 

0. 

13.6 

3.74 

7.0 

200. 

44000. 

4000. 

1.29 

0. 

14.6 

4.60 

52000. 

5000. 

1.15 

0. 

14.3 

4.36 

60000. 

5900. 

1 .02 

0. 

14.  1 

4.21 

75000. 

6  C0Q  . 

0.66 

0. 

15.7 

4.18 

7.0 

250. 

44000. 

4000. 

1.29 

0. 

16.3 

5.04 

52000. 

5000. 

1.15 

0. 

15.9 

4.77 

60000. 

5900. 

1 .02 

0. 

15.7 

4.60 

75000. 

6000. 

0.66 

0. 

17.5 

4.57 

7.0 

300. 

44000. 

'  4000. 

1.29 

0. 

17.9 

5.43 

52000. 

5000. 

1.15 

0. 

17.5 

5.15 

60000. 

5900. 

1.02 

0. 

17.2 

4.96 

75000. 

5900. 

0.66 

0. 

19.2 

4.92 

7.0 

350. 

44000. 

4C00. 

1.29 

0. 

19.3 

5.80 

52000. 

5000. 

1.15 

0. 

18.9 

5.49 

60000. 

5900. 

1.C2 

0. 

18.6 

5.28 

75000. 

5900. 

0.66 

c. 

20.  7 

5.25 

3-92 


TABLE  3-15  (Cont'd) 


OPTIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ONE  WAY  REINFORCED  CD  NCRETE  SLABS 


(0. 

25  ^  ^  2 

"€1 

O 

o 

=  0  or 

V 

0.  50  6v  ^  1-  50, 

L 

q 

fd2000  ^ 

ff*  <  6000, i  d  = 
cc  ^  c 

0^  D) 

D 

Ct 

ft 

psi 

psi 

psi 

% 

% 

in 

$/  eq  ft 

10.5 

10. 

44000.  . 

2700. 

l.ie 

0. 

5.1 

2.07 

52000. 

4600. 

1.06 

0. 

5.0 

2.00 

60000. 

5500. 

0.95 

0. 

4.9 

1.96 

75000. 

6000. 

0.66 

0. 

5.3 

1.95 

10.5 

25. 

44000. 

3700. 

1.18 

0. 

8.1 

2.76 

52000. 

4600. 

1.06 

0. 

7.9 

2.66 

60000. 

5500. 

0.95 

0. 

7.7 

2.58 

75000. 

5900. 

0.66 

0. 

8.3 

2.57 

10.5 

so. 

44000. 

3700. 

1.18 

0. 

11.5 

3.55 

52000. 

4600. 

1 .06 

0. 

11.1 

3.39 

60000. 

5500. 

0.95 

0. 

10.9 

3.29 

75000. 

6000. 

0.66 

0. 

11.8 

3.27 

10.5 

75. 

44000. 

3700. 

1.18 

0. 

14.0 

4.14 

52000. 

4600. 

1.06 

0. 

13.6 

3.96 

60000. 

5500. 

0.95 

0. 

13.4 

3.  83 

75000. 

6000. 

0.66 

0. 

14.4 

3.81 

10.5 

100. 

44000. 

3700. 

1.18 

0. 

16.2 

4.65 

52000. 

4600. 

1.06 

0. 

15.7 

4.43 

60000. 

5500. 

0.95 

0. 

15.4 

4.29 

75000. 

5900. 

0.66 

0. 

16.6 

4.26 

10.5 

150. 

44000. 

3700.  . 

1.18  . 

0. 

19.8 

5.50 

52000. 

4600. 

1.06 

0. 

19.3 

5.23 

60000. 

5500. 

0.95 

0. 

18.9 

5.06 

75000. 

6000. 

0.66 

0. 

20.4 

5.02 

10.5 

200. 

44000. 

3700. 

1.18 

0. 

22.9 

6.21 

52000. 

4600. 

1.06 

0. 

22.2 

5.90 

60000. 

5500. 

0.95 

0. 

21.8 

5.70 

75000. 

6000. 

0.66 

0. 

23.5 

5.67 

10.5 

250. 

44000. 

3700. 

1.18 

0. 

25.6 

6.84 

520C0. 

4600. 

1.C6 

0. 

24.9 

6.50 

60000. 

5500. 

0.95 

0. 

24.4 

6.27 

75000. 

6000. 

0.66 

0. 

26.3 

6.23 

10.5 

300. 

44000. 

3700. 

1.18 

0. 

28.1 

7.41 

52000. 

4600. 

1.06 

0. 

27.2 

7.03 

60000. 

5500. 

0.95 

0. 

26.7 

6.79 

75000. 

6000. 

0.66 

0. 

26.8 

6.74 

10.5 

350. 

44000. 

3700. 

1.18 

0. 

30.3 

7.93 

52000. 

4600. 

1.C6 

0. 

29.4 

7.52 

60000. 

5500. 

0.95 

0. 

28.9 

7.26 

75000. 

5900. 

0  .66 

0. 

31.1 

7.21 

3-93A 


TABLE  3-15  (Cont'd) 


OPTIMUM  IN-PLACE  COSTS  FOR.  OVERHEAD  FIXED-END 
ONE  WAY  REINFORCED  CONCRETE  SLABS 


(0. 

25  4?  ^  2. 

00,  4 

V 

•-  0  or 

0.  50  $  i  ^  1.  50, 

L 

q 

f^oo  ^ 

f'cf'gS  6000,  fid 

=  0.«yD) 

D 

Ct 

ft 

pal 

psl 

% 

% 

in 

$/sq  ft 

17.5 

10. 

44000. 

3400. 

1.C9 

0. 

8.9 

2.79 

52000. 

4300. 

0.99 

0. 

8.6 

2.69 

60000. 

5200. 

C.9C 

0. 

8.4 

2.62 

75000. 

3900. 

1.33 

0.50 

6.2 

2.59 

17.5 

25. 

44000. 

3400. 

1.09 

0. 

14.0 

3.90 

52000. 

4300. 

0.99 

0. 

13.6 

3.74 

60000. 

5200. 

0.90 

0. 

13.3 

3.64 

75000. 

3900. 

1.33 

0.50 

9.7 

3.59 

17.5 

50. 

44000. 

3400. 

1.09 

0. 

19.9 

5. 15 

52000. 

4300. 

0.99 

0. 

19.2 

4.93 

60000. 

5200. 

0.90 

G. 

18.7 

4.78 

75000. 

3900. 

1.33 

0.50 

13.8 

4.71 

17.5 

75. 

44000. 

3400. 

1.C9 

0. 

24.3 

6.11 

520GO. 

4300. 

0.99 

0. 

23.5 

5.84 

60000 . 

5200. 

0.90 

0. 

23.0 

5.66 

75000. 

3900. 

1.33 

0.50 

16.9 

5.57 

17.5 

100. 

44000. 

3400. 

1.09 

0. 

28.1 

6.92 

52000. 

4  300. 

0.99 

0. 

27.1 

6.60 

60000. 

5200. 

0.90 

0. 

26.5 

6.40 

75000. 

3900. 

1.33 

0.50 

19.5 

6.29 

17.5 

150. 

44000. 

3400. 

1.09 

0. 

34.4 

8.28 

52000. 

4300. 

0.99 

0. 

33.2 

7.89 

60000. 

5200. 

0.90 

0. 

32.5 

7.63 

75000. 

3900. 

1.33 

0.50 

23.9 

7.51 

17.5 

200. 

44000. 

3400. 

1.09 

0. 

39.7 

9.42 

52000. 

4  300. 

0.99 

0. 

38.4 

8.97 

60000. 

5  200. 

0.9C 

0. 

37.5 

8.68 

75000. 

3900. 

1.33 

0.50 

27.6 

8.54 

17.5 

250. 

44000. 

3400. 

1 .09 

0. 

44.4 

10.43 

52000 . 

4  300. 

0.99 

0. 

42.9 

9.93 

60000. 

5200. 

O.SC 

0. 

41.9 

9.60 

75000. 

3900. 

1.33 

0. 5C 

30.8 

9.44 

17.5 

300. 

44000. 

3400. 

1 .09 

0. 

48.6 

11.34 

52000. 

4300. 

0.99 

0. 

47.0 

10.79 

60000. 

5200. 

0 .90 

0. 

45.9 

10.43 

75000. 

3900  . 

1  .33 

0.  5C 

33.8 

10.26 

17.5 

350. 

44000. 

3400. 

1.09 

0. 

52.5 

12.18 

52000. 

4300  . 

0.99 

0. 

50.7 

11.59 

60000. 

5200. 

0.90 

0. 

49.6 

11.20 

75000. 

3900. 

1.33 

0. 5C 

36.5 

11.01 

3-93E 


TABLE  3-15  (Cont'd) 


OPTIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ONE  WAY  REINFORCED  CONCRETE  SLABS 


(0.25  ^  ic  5?  2, 

00, 

=  0  or 

0.50  $1. 

50, 

2000  < 

V  <  6000,  d  = 
c  ^ 

0,9  D) 

L 

q 

fdy 

£' 

c 

<t> 

V 

D 

Ct 

ft 

P8i 

psi 

psl 

% 

% 

in 

$/sq  ft 

14.0 

10. 

44000. 

3500. 

1.12 

0. 

7.0 

2.43 

52000. 

4400. 

1.C1 

0. 

6.8 

2.35 

60000. 

5300. 

0.92 

0. 

6.6 

2.29 

75000. 

4100. 

1.35 

0 . 5C 

4.8 

2.28 

14.0 

25. 

44000. 

3500. 

1.12 

0. 

11.1 

3.33 

52000. 

4400. 

1.01 

0. 

10.7 

3.20 

60000. 

5300. 

0.92 

0. 

10. 5 

3.11 

75000. 

4100. 

1.39 

0.5C 

7.6 

3.09 

14.0 

50. 

44000. 

3500. 

1.12 

0. 

15.7 

4.35 

52000. 

4400. 

1.C1 

0. 

15.1 

4.16 

60000. 

5300. 

0.92 

0. 

14.8 

4.04 

75000. 

4100. 

1.39 

0.5C 

10.8 

4.01 

14.0 

75. 

44000. 

3500. 

1.12 

0. 

19.2 

5.13 

52000. 

4400. 

1.01 

0. 

18.5 

4.90 

60000. 

5300. 

0.92 

0. 

18.2 

4.75 

75000. 

4  ICO  • 

1.39 

0.5C 

13.2 

4.72 

14.0 

100. 

44000. 

3500. 

1.12 

0. 

22.1 

5.79 

52000. 

4400. 

1.01 

0. 

21.4 

5.52 

60000. 

5300. 

0.92 

0. 

21.0 

5.34 

75000. 

4100. 

1.39 

0.5C 

15.2 

5.31 

14.0 

150. 

44000. 

3500. 

1.12 

0. 

27.  1 

6.89 

52000. 

4400. 

1.02 

0. 

26.2 

6.56 

60000. 

5300. 

0.92 

0. 

25.7 

6.35 

75000. 

4100. 

1.39 

0.5C 

18.7 

6.31 

14.0 

200, 

44000. 

3500. 

1.12 

0. 

31.3 

7.82 

52000. 

4400. 

1.01 

0. 

30.3 

7.44 

60000. 

5300. 

0.92 

0. 

29.6 

7.19 

7500C. 

4100. 

1.39 

0.5C 

21.6 

7.14 

14.0 

250. 

44000. 

3500. 

1.12 

c. 

35.0 

8.64 

52000. 

4400. 

1.C1 

0. 

33.9 

8.21 

60000. 

5300. 

0.92 

0. 

33.1 

7.94 

75000. 

4100. 

1.39 

0.5C 

24.1 

7.88 

14.0 

300. 

44000. 

3500. 

1.12 

0. 

38.3 

9.38 

52000. 

4400. 

l.Cl 

0. 

37.  1 

8.91 

60000. 

5300. 

0.92 

0. 

36.  3 

8.61 

75000. 

4100. 

1.39 

0.5C 

26.4 

8.55 

14.0 

350. 

44000. 

3500. 

1.12 

C. 

41.4 

10.06 

52000. 

4400. 

l.Cl 

0. 

40. 1 

9.56 

60000. 

5300. 

C  .  92 

0. 

39.2 

9.23 

75000. 

4100. 

1.39 

0.5C 

28.5 

9.  17 

3-94A 


TABLE  3-15  (Cont'd) 


OPTIMUN  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ONE  WAY  REINFORCED  CONCRETE  SLABS 

(0.25  ^2.00,  s5v  =  0  or  0.50  ^  «$v  ^1.50, 


2000 

^  f'c  < 

f , 

£' 

L 

q 

dy 

c 

ft 

pal 

pai 

psi 

21.0 

10. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3500  • 

21.0 

25. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

21.0 

50. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

21.0 

75. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

21.0 

100. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

21.0 

150. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

21.0 

200. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3800. 

21.0 

250. 

44000. 

3300. 

52000. 

4200. 

60000. 

.  5100. 

75000. 

3800. 

o 

• 

CM 

300. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3800. 

21.0 

350. 

44000. 

3300. 

52000. 

4200. 

60000. 

5100. 

75000. 

3600. 

6000,  d  =  0.  9  D) 


V 

D 

Ct 

% 

% 

in 

$/aq  ft 

1.07 

0. 

10.8 

3.15 

0.97 

0. 

10.4 

3.03 

0.88 

0. 

10.1 

2.96 

1.29 

C.5C 

7.5 

2.90 

1.07 

0. 

17.0 

4.47 

0.97 

0. 

16.4 

4.28 

0.88 

0. 

16.0 

4.16 

1.29 

0.5C 

11.9 

4.08 

1.07 

0. 

24.1 

5.95 

0.97 

0. 

23.2 

5.69 

0.88 

0. 

22.7 

5.52 

1.29 

0. 50 

16.8 

5.40 

1.07 

0. 

29.5 

7.09 

0.97 

0. 

28.4 

6.77 

0.88 

0. 

27.8 

6.57 

1.29 

0.5C 

20.6 

6.42 

1.07 

0. 

34.1 

8.05 

0.97 

0. 

32.8 

7.69 

0.88 

0. 

32.1 

7.45 

1.29 

0  •  5C 

23.8 

7.28 

1.07 

c. 

41.7 

9.67 

0.97 

0. 

40.2 

9.22 

0.88 

0. 

39.3 

8.92 

1.29 

0.  sc 

29.  1 

8.71 

1.07 

0. 

48.2 

11.03 

0.97 

0. 

46.4 

10.51 

0.88 

0. 

45.3 

10.17 

1.29 

0.5C 

33.6 

9.92 

1.07 

0. 

53.  8 

12.22 

0.97 

0. 

51.9 

11.64 

0.88 

0. 

50.7 

11.26 

1.29 

0.5C 

37.6 

10.99 

1.07 

0. 

59.0 

13.31 

0.97 

0. 

56.9 

12.67 

0.88 

0. 

55.5 

12.25 

1.29 

0.5C 

41.2 

11.96 

1.C7 

C. 

63.7 

14.30 

0.97 

0. 

61.4 

13.61 

0.88 

0. 

60.0 

13.17 

1.29 

C.5C 

44.5 

12.84 

3-94B 


1 


3 

I 

TABLE  3-15  (Cont'd) 


OPTIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ONE  WAY  REINFORCED  CONCRETE  SLABS 


J 

(0.25  ^  0C  ^  2, 

.  00, 

<t>  ~  0  or 
v 

0.  50  ^ 

<t  <T  1. 

v  ^ 

50, 

i 

2000  ^ 

f'  ^  6000,  d  = 

c  ^ 

0.9  D) 

i 

1  L 

q 

xdy 

f* 

c 

*c 

D 

Ct 

ft 

pal 

pai 

pal 

% 

% 

in 

$/sq  ft 

1  28-0 

10. 

44000. 

3200. 

1.04 

0. 

14.6 

3.87 

! 

a  . 

52000. 

410C. 

0.95 

0. 

14.0 

3.72 

60000. 

3000. 

1.34 

0.5C 

11.0 

3.62 

r 

75000. 

3600. 

1.23 

0.50 

10.2 

3.52 

|  28.0 

25. 

44000. 

3200. 

1.04 

0. 

23.0 

5.60 

52000. 

4100. 

0.95 

0. 

22.1 

5.37 

1 

60000. 

3000. 

1.34 

0.5C 

17.4 

5.21 

1 

1 

75000. 

3600. 

1.23 

0.50 

16.2 

5.06 

1  28.0 

50. 

44000. 

3200. 

1.04 

0. 

32.5 

7.56 

52000. 

4100. 

0.95 

0. 

31.3 

7.22 

1 

60000. 

3000. 

1.34 

0.50 

24.6 

7.00 

i 

75000. 

3600. 

1.23 

0.50 

22.9 

6.79 

28.0 

75. 

44000. 

3200. 

1.04 

0. 

39.8 

9.06 

| 

52000. 

4100. 

0.95 

0. 

38.3 

8.65 

60000. 

3000. 

1.34 

0.5C 

30.1 

8.37 

75000. 

3600. 

1.23 

0.50 

28.0 

8.12 

28.0 

100. 

44000. 

3200. 

1.04 

0. 

46.0 

10.32 

1 

52000. 

4100. 

0.95 

0. 

44.3 

9.85 

1 

60000. 

3000. 

1.34 

0.5C 

34.8 

9.53 

75000. 

3600  . 

1.23 

0.5C 

32.3 

9.24 

|  28.0 

150. 

44000. 

3200. 

1.04 

0. 

56.4 

12.44 

j  t 

52000. 

4100. 

0.95 

0. 

54.2 

11.87 

60000. 

3000. 

1.34 

0.5C 

42.6 

11.48 

75000. 

3600. 

1.23 

0.50 

39.6 

11.11 

28.0 

200. 

44000. 

3200. 

1.04 

0. 

65.1 

14.23 

52000. 

4100. 

0.95 

0. 

62.6 

13.57 

60000. 

3000. 

1.34 

0.  SC 

49.2 

13.12 

j 

75000. 

3600. 

1.23 

0.5C 

45.7 

12.70 

28.0 

250. 

44000. 

3200. 

1.C4 

0. 

72.8 

15.81 

52000. 

4100  . 

0.95 

0. 

70.0 

15.07 

i 

60000. 

3000  . 

1.34 

0.5C 

55.0 

14.56 

i 

75000. 

3600  . 

1.23 

0.5C 

51.1 

14.09 

28.0 

300. 

44000. 

3200  . 

1.04 

0. 

79.7 

17.23 

52000. 

4100. 

0.95 

0. 

76.7 

16.42 

60000. 

3000. 

1.33 

0.5C 

60.2 

15.87 

75000. 

3600. 

1.23 

0.5C 

56. C 

15.35 

28.0 

350. 

44000. 

3200. 

1.04 

0. 

86.1 

18.54 

52000. 

4100. 

0.95 

c. 

82.6 

17.67 

60000. 

3000. 

1.34 

C.5C 

65.0 

17.07 

75000. 

3600. 

1.23 

0.  fiC 

6C.5 

16.51 

3-95 


3.  34  Two-Way  Reinforced  Slabs 


3.  34.  1  Introduction 

Two  systems  of  two-way  slab  reinforcement  are  examined  and 
will  be  discussed  separately.  Following  the  definitions  proposed  in 
Reference  39,  the  term  "isotropic  reinforcement"  will  refer  to  a  square 
mesh  of  equal -sized  bars  extending  in  both  directions  of  the  slab.  This  are 
considered  as  positive  reinforcement  when  placed  at  the  bottom  of  the  slab 
and  as  negative  reinforcement  when  placed  at  its  top.  However,  the  amount 
of  steel  need  not  bo  the  same  in  the  top  and  bottom  square  meshes.  The  term 
"orthotropic  reinforcement"  will  refer  to  the  placing  of  unequal  amounts  of 
reinforcement  in  two  directions  at  right  angles.  The  use  of  a  reduced  quantity 
of  reinforcement  in  the  long-span  direction,  which  is  the  basis  of  orthotropic 
slab  design,  is  consistent  with  the  calculated  distribution  of  moment  in  a 
rectangular  two-way  reinforced  slab. 

The  ultimate  flexural  resistance  of  both  isotropic  and  orthotropic 
slabs  wilt  be  computed  by  yield  line  theory,  without  including  any  additional 
resistance  which  may  develop  as  a  result  of  membrane  action'  ' ,  The 
resistance  of  an  Isotropic  two-way  slab  to  diagonal  tension  and  shear  com¬ 
pression  stresses  will  be  calculated  from  Equation  5B  -10  of  Reference  2. 
This  same  equation,  with  appropriate  modifications,  will  also  be  applied  to 
the  orthotropic  two-way  slab.  The  resistance  of  two-way  slabs  to  "pure" 
shear  will  similarly  be  calculated  from  the  equations  of  Reference  2.  As 
with  the  one-way  slabs,  limitations  will  be  placed  on  the  permissible  ratios 
of  reinforcement  steel  to  cros s -  sectional  area  of  the  slab^. 

3.  34,  2  Isotropic  Reinforcement 

(a)  Simply-Supported  Two-Way  Reinforced  Isotropic  Slab 

The  maximum  flexural  stress  will  occur  in  the  center  of  the  short 
span.  The  general  expression  for  the  dynamic  flexural  resistance  of  a 
one-inch  strip  of  two-way  reinforced  isotropic  slab,  as  adapted  from 
Reference  3,  is  as  follows: 
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=  0.  000750  +  »$  )f  ( r~\2  J  jLc-+'4Le 

Sc  Se'  dy  ^  Lg!  |  Uc „  +  jSc _  !  4 ,  ,  , 


Sc  T  Se  ■'  T\3  -2 oo/  ■ 


where 


(3.  34.  1) 


Lg  = 


effective  tensile  steel  percentage  at  mid-span  in  short 
direction  of  two-way  slab 

effective  tensile  steel  percentage  at  supports  in  Bhort 
direction  of  two-way  slab 

effective  depth  of  slab,  (in.  ) 

length  of  slab  in  short  direction,  (ft) 

ratio  of  short  to  long  spans  of  a  two-way  slab 
Only  values  of  06^0.  5  will  be  considered. 

effective  tensile  steel  percentage  at  mid-span  in  long 
direction  of  two-way  slab 

effective  tensile  steel  percentage  at  supports  in  long 
direction  of  two-way  slab 


For  an  isotropic  slab,  </>.  =  <jt„  and  -  dr.  •  Thus,  Equation 

l^C  DC  L6  06 

3.  34.  1  becomes 


,f.  0.00150  «Sct<,.Hay 


(3.  34.  2) 


For  the  simply-supported  slab,  =0  and  Equation  3,  34,  2  reduces 

I5C 


qf  =  0.001504Scfdy  k-J  3  .  2  (i 


d_l2  ij_  +_tx.  -_nt.  2  1 

Js)  L-3-Tof-  : 


(  3.  34,  3) 
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The  resistance  of  a  one -inch  width  of  two-way  reinforced  isotropic 

slab  to  diagonal  tension  or  shear  compression,  assuring  simply-supported 

21 

edges  and  no  web  reinforcement,  can  be  expressed  as' 


= 


(3.  34.  4a) 


Here  01,  i.i  analogous  form  to  that  described  for  the  one-way 
reinforced  slab,  is  the  ratio  of  negative  reinforcement  to 
positive  reinforcement,  A  minimum  value  of1  O’  =  0.25  is 
specified  for  two-way  reinforced  slabs. 


The  expression  for 


may  be  further  reduced. 


q 


sc 


1.446 

2+0' 


<f'c*Sc>' 


1/2 


1  +  a- 

3 


<3.  34.  4b) 


If  web  reinforcement  is  supplied  in  the  form  of  vertical  stirrups, 
Equation  3.  34.4b  becomes 


*.c  144V 


208 

2+0' 


1  +00 


r,,  ,  '  1  fl  +  0.  00002  i  f  , 

f  c  ^sc  L  v  dy- 


(3.  34.  5a) 


Rearranging  terms,  this  expression  reduces  to 


q 


sc 


0. 482  +  0. 00000964  i^fj  ' 
(2  +  3')  51 


<f'c*Sc 


,1/2 


<i+o6> 


(3.  34.  5b) 


The  maximum  shear  occurs  at  the  simply  -  supported  edge  of  the 

short  span.  The  resistance  of  a  one-inch  width  of  two-way  reinforced 

( Z ' 

isotropic  slab  to  "pure"  shear  is  expressed  as' 
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qv  =  0.0245  (1  +  <X  )f'c  j-^-j  (3.34,6) 

Equations  3.  34.  4  to  3.34.6,  inclusive,  express  the  ultimate 
resistances  of  a  one -inch  width  of  two-way  reinforced  isotropic  slab,  simply 
supported,  to  the  three  failure  modes  analyzed  herein.  As  with  the  one-way 
slab,  the  expressions  for  and  qgc  can  be  equated  to  find  values  of 
which,  in  theory,  will  provide  equal  ultimate  resistances  in  flexure  and  in 
diagonal  tension  or  shear  compression.  This  procedure  yields  the  following 
equation. 


1450+  0.  0289  j5  f, 
v  dy 

2 

3+  04  -  2  06  2 

fdy(2+0<) 

4;  5(1  +  06  -  06  2) 

Or,  expressing  this  balanced  value  of  ^gc  in  terms  of  the  balanced  for  a 

one-way  reinforced  slab  with  the  same  support  conditions  and  material 

properties,  as  expressed  by  Equation  3.  33.8b,  the  relation  between  ^gc  and 

4  is  as  follows, 
c 


^Sc  =  K 


3+06  -  2  Ob 


4.  5(1  +  oc 


(3,  34.  8) 


Values  of  i~  obtained  from  Equation  3.  34.  7  must  be  checked  by 

u  C 

use  of  Equation  3.  34.6  or  Figure  3-4  to  ensure  that  the  slab  resistance  to 

"pure"  shear  will  not  control  the  design.  Also,  must  lie  within 

c 

acceptable  minimum  and  maximum  values,  as  discussed  for  the  one-way 
reinforced  slab. 

Tables  3-16  to  3-21  contain  resistance  functions  calculated  for 
<X=  1 . 0,  0.9,  0.8,  0.7,  0.6  and  0,5.  Isotropic  two-way  reinforced  slabs 
with  simply- supported  edges  can  be  designed  with  the  aid  of  these  resistance 
functions,  for  cases  where  "pure"  shear  does  not  control,  following  the 
procedures  described  for  one-way  reinforced  slabs. 


Table  3-16 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (OC=  1.0) 


fdy  (P^) 

44,  000  | 

52,000 

60, 000 

0'  =  rf'/«SSc 

0.  25 

1. 00 

0.25 

1.00  j1  0.25 
_._1 _ 

1.00 

1.00 

Read  vaLue  o£  k,  Compute  =  f'^/k. 


<t  =0.0 

V 

23600 

42000 

33000 

58600 

43900 

78000 

68600 

121900 

i  =*  0,  5 

V 

11410 

20300 

14300 

25400 

17190 

22500 

39900 

i  =  i.o 

V 

14130 

9100 

16180 

11020 

19580 

4  =  1,5 

V 

4400 

7330 

8980 

5620 

9990 

2  2 

Required  qf  L  q  L  s 

DepthofBeam  Resistance  Function — = — --  =  — -j - —  (psi-sqft) 


D(in.), 

d(in.) 

|  '"Sc  Sc 

10 

7.  75 

3960 

4680 

5410 

6760 

12 

9.  50 

5960 

7040 

8120 

10150 

14 

11. 50 

8730 

10320 

11900 

14880 

16 

13.50 

12030 

14220 

16400 

20500 

18 

15.50 

15860 

18740 

21600 

27000 

20 

17.50 

20200 

23900 

27600 

34500 

22 

19.  50 

25100 

29700 

3420  0 

42800 

24 

21. 50 

30500 

36100 

41600 

52000 

26 

23.  50 

36400 

43100 

49700 

62100 

28 

25.  50 

42900 

50700 

58  500 

73200 

30 

27.  25 

49000 

57900 

66800 

83500 

32 

29.25 

56500 

66700 

77000 

96300 

34 

31. 25 

64500 

76200 

87900 

109900 

36 

33.  25 

73000 

86200 

99500 

124400 

38 

35.  25 

82000 

96900 

111800 

139800 

40 

37.  25 

91600 

108200 

124900 

156100 

42 

39.  25 

101700 

1 20200 

1 38700 

173300 

44 

41. 25 

1 12300 

132700 

153100 

191400 

46 

43.  25 

123500 

145900 

168400 

210000 

48 

45.  25 

1 35100 

1 59700 

184300 

230000 

50 

47.  00 

145800 

1 72300 

198800 

249000 

52 

49.  00 

158500 

1 8 7300 

216000 

270000 

54 

51. 00 

171700 

203000 

234000 

293000 

56 

53.  00 

185400 

219000 

253000 

316000 

58 

55.  00 

199600 

236000 

272000 

340000 

60 

57.  00  i 

214000 

253000  j 

292000 

366000 

3-100 


Table  3-17 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,*  SIMPLY  SUPPORTED  ( ex  =  0.9) 


fdy  <PSi) 

44, 

000 

52, 

000 

°'=  *'H sc 

0.25 

1.00 

0.  25 

1.  00 

Read  value  of  k,  Compute  i  _  =  f'  /k. 

qC  C 


21580 

38350 

30130 

II 

71320 

62680 

111430 

10430 

18540 

13070 

23240 

15710 

27930 

20530 

36490 

6120 

10880 

7260 

12920 

8320 

14790 

10070 

17900 

4020 

8210 

5140 

9140 

5960 

10600 

qf  L  s 


4930 
7410 
10860 
14960 
19720 
25100 
31200 
37900 
45300 
53400 
61000 
70200 
80200 
90700 
102000 
113900 
126500 
1 39700 
153500 
168100 
181300 
1 97100 
213000 
2  31050 
248000 
267000 


(psi-sq  ft) 


6160 
9260 
13570 
18700 
24700 
31400 
39000 
47400 
56700 
66700 
76200 
87800 
100200 
113400 
127500 
142400 
158100 
1 74600 
191900 
210000 
227000 
246000 
267000 
288000 
310000 
333000 


Table  3-18 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  <x  =  0,8) 


fdy  (PSi> 

44,  000 

52,  000 

— 

60,  000 

75,  000 

o'  = 

0.25 

1.00 

0.  25 

1.  00 

0.  25 

1.00 

0.  25 

1.00 

Read  value  of  k.  Compute  =  P  /k. 

gC  C 

=  0. 0 
v 

20000 

35560 

27940 

49670 

37190 

66120 

$  =0.5 

V 

9670 

17180 

12120 

21550 

mm 

25900 

190  30 

338  30 

1  =  1.0 

V 

5680 

6740 

11980 

7720 

13710 

9340 

16600 

<t>  -1.5 

V 

3730 

6630 

428  0 

7610 

4770 

8470 

5530 

9830 

Required 
Depth  of  Beam 


D(ia.) 


d(in. ) 


Resistance  Function 


2 

J  S 


Sc 


2 

S 


(psi-  sq  ft) 


- 1 

10 

7.  75 

3250 

3840 

4430 

5540 

12 

9.50 

4880 

5770 

6660 

8320 

14 

11.50 

7150 

8450 

9750 

12190 

16 

1  3.50 

9860 

11650 

13440 

16800 

18 

15.50 

12990 

15360 

17720 

22100 

20 

17.50 

16560 

19570 

22600 

28200 

22 

19.  50 

20600 

24300 

2800  0 

35100 

24 

21.50 

25000 

29500 

34100 

42600 

26  | 

23.  50 

29900 

35300 

40700 

50900 

28 

25.  50 

35200 

41600 

48000 

59900 

30 

27.  25 

40200 

47500 

54800 

68500 

32 

29.  25 

46300 

54700 

63100 

78900 

34 

31.  25 

52800 

62400 

72000 

90000 

36 

33.  25 

59800 

70700 

81500 

101900 

38 

35.  25 

67200 

79400 

91600 

114500 

40 

37.25 

'  75000 

88  70  0 

102300 

127900 

42 

39.  25 

83300 

98500 

113600 

142000 

44 

41.25 

92000 

108800 

125500 

156900 

46 

43.25 

101200 

119600 

1 38000 

1 7Z400 

48 

45.  25 

1  10700 

1 30900 

151000 

188800 

50 

47.00 

1 19500 

141200 

162900 

204000 

52 

49.  00 

1 29900 

153500 

1 77100 

221000 

54 

51.00 

140700 

1662,00 

191800 

240000 

56 

53.  00 

1  51900 

179500 

207000 

259000 

58 

55.  00 

163600 

193300 

223000 

279000 

60 

57.00 

I.  75700 

208000 

240000 

- 1 

300000 
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Table  3-19 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  c*  =  0.7) 


fdy  (Psi) 

44,  000 

52,000 

60,  000 

75,  000 

0.  25 

1. 00 

0.  25 

Read  value  of  k.  Compute  i^gc  =  f 'c / k. . 

K  =  o*° 

96480 

°-  5 

9030  16050 

13600 

24180 

17780 

«sv=  1.0 

5300  9420 

6290 

11180 

7200 

12810 

8720 

15500 

K  =  i.s 

3480  6190 

4000 

7110 

4450 

7910 

5160 

9180 

Required 
Depth  of  Beam 


D(in.) 

d(in.) 

10 

7.  75 

12 

9.50 

14 

11.50 

16 

13.50 

18 

15.50 

20 

1  7.  50 

22 

19.  50 

24 

21.50 

26 

23.50 

28 

25.50 

30 

27.25 

32 

29.25 

34 

31.25 

36 

33.  25 

38 

35.25 

40 

37.25 

42 

39.  25 

44 

41. 25 

46 

43.25 

48 

45.  25 

50 

47.00 

52 

49.00 

54 

51.00 

56 

53.  00 

58 

55.  00 

60 

57.  00 

Resistance  Function 


2990 

4490 

6590 

9080 

11970 

15250 

18940 

23000 

27500 

32400 

37000 

42600 

48600 

55100 

61900 

69100 

76700 

84700 

93200 

102000 

110000 

119600 

129500 

139900 

150700 

161800 


3540 
5310 
7780 
10730 
14140 
18030 
22400 
27200 
32500 
38300 
43700 
50400 
57500 
65100 
73100 
81700 
90700 
100200 
1 10100 
I  20500 
1 30000 
141300 
1 53100 
165300 
178100 
191200 


q 

=  ?  (psi-sq  ft) 

vSc 


4080 
6130 
8980 
12380 
16320 
20800 
25800 
31400 
37500 
44200 
50400 
58100 
66300 
75100 
84400 
94200 
104600 
1 15600 
127000 
1 39100 
150000 
163100 
1 76700 
190800 
205000 
221000 


5100 
7660 
11230 
15470 
20400 
26000 
32300 
39200 
46900 
55200 
63000 
72600 
82900 
93900 
105500 
1 17800 
1 30800 
144500 
158800 
1 73800 
187500 
204000 
221000 
238000 
257000 
276000 
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Table  3-20 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  c*  =  0.6) 


fdy  <PSi) 

44,  000 

52,  000 

60,  000 

75,  000 

o'  =  4' Use 

0.25  1.00 

0.  25 

1.  00 

0.  25 

1.00 

Read  value  of  k.  Compute  j!gc  =  £'c/k. 

«sv  =  0.  0 

17500  31110 

32540 

57850 

50840 

90390 

*y  =  0-  5 

8460  15030 

.10600 

18850 

12740 

22660 

16650 

29600 

*v  =  1.0 

4970  8830 

5890 

10480 

6750 

1  2000 

8170 

14520 

4  =  1.5 

V 

3260  5800 

3750 

6660 

4170 

7410 

4840 

8600 

Required 
Depth  of  Beam 

,  2  T  2 

9f  l-1  g  9ac  *-•  s 

Resistance  Function  ,  =  — t -  (psi-Bqft) 

*Sc  ®Sc 

D(in.) 

d(in.) 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

7.75 

9.50 

11.50 

13.50 

15.50 

17.50 

19.50 

21.50 

23.50 

25.50 

27.25 

29.25 

31.25 

33.25 

35.25 

37.25 
39.  25 

41.25 

43.25 
45.  25 
47.  00 
49.00 
51.00 
53.00 
55.00 
57.  00 

2610 

3920 

5740 

7910 

10420 

13290 

16500 

20100 

24000 

28200 

32200 

37100 

42400 

48000 

53900 

60200 

66800 

73800 

81200 

88800 

95800 

10420  0 
112900 
121900 

1 31300 
141000 

3080 

4630 

6780 

9350 

12320 

15700 

19500 

23700 

28300 

33300 

38100 

43900 

50100 

56700 

63700 

71200 

79000 

87300 

95900 

105000 

113300 

123100 

1 33400 
144000 
155100 
166600 

3550 

5340 

7820 

10780 

14210 

18120 

22500 

27300 

32700 

38500 

43900 

50600 

57800 

65400 

73500 

82100 

91100 

100700 

110700 

121100 

1 30700 
142100 
153900 
166200 

1 79000 
192200 

4440 

6670 

9780 

13480 

17770 

22600 

28100 

34200 

40800 

48100 

54900 

63300 

72200 

81800 

91900 

102600 

113900 

125800 

1 38300 

1 51400 
163400 
177600 
192400 
208000 
224000 
240000 
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resistance  functions 

CONCRETE  SLABS 


Table  3-21 


FOR  TWO-WAY  ISOTROPIC  REINFORCED 
SIMPLY  SUPPORTED  (  o<  =  0.5) 


52f  000 

1 

60,  000 

75,  000 

0.  25  j 

1.00 

0.25  1.00 

ii'  k.  Compute  =  P  / k. 

bC  C 

22890 

40700 

47620 

84660 

9930 

17660 

15600 

27720 

552.0 

9810 

6320 

11240 

7650 

13600 

3510 

62,40 

3910 

6940 

4530 

8050 

.  2 
L  S 

ice  Function  — t - 


(psi-sqft) 


2750 
4140 
6070 
8360 
11020 
14040 
17440 
21200 
25300 
29800 
341.00 
39200 
44800 
50700 
5700  0 
63600 
70700 
78000 
85800 
93900 
10.1300 
1 10100 
l  1.9300 
1 28800 
1 38700 
j  49000 


3180 
478  0 
7000 
9640 
1.2710 
1621.0 
20100 
24500 
29200 
34400 
39300 
45300 
51700 
58500 
65800 
73400 
81500 
90000 
99000 
108400 
1 16900 
127100 
1 37600 
1 48600 
1 60100 
1 7’ 900 


3970 
5970 
8750 
12060 
15890 
20300 
2.5200 
30600 
36500 
43000 
49100 
56600 
64600 
73100 
82.200 
91800 
101900 
1  12600 
123700 
1 35400 
146100 
1 58800 
1 72000 
1 86800 
200000 
215000 
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{ b)  Fixed-Edge  Two-Way  Reinforced  Isotropic  Slab 

The  maximum  flexural  stress  will  occur  at  the  center  and  at  the 
supported  edges  of  the  short  span.  Equation  3.  34.  2  expresses  the  flexural 
resistance  of  an  isotropic  slab,  If  it  is  assumed  that  equal  amounts  of 
reinforcement  are  provided  in  the  top  and  bottom  of  the  slab,  ((^gc  =  (ige). 
Equation  3.  34,  2  as  applied  to  a  one-inch  width  of  fixed-edge  slab  will  then 
become 


-  »•  003°<Sc  (4f  (3'  91 

The  resistance  of  a  one -inch  width  of  two-way  reinforced  isotropic 

slab  to  diagonal  tension  or  shear  compression,  assuming  fixed  edges  and  no 

(2) 

web  reinforcement,  can  be  expressed  as  follows'  . 


q 


sc 


1,175  (  d \a 

2+0'  \LSJ 


<£c*Sc>1/2<1  +  ot> 


(3.  34.  10a) 


If  web  reinforcement  is  supplied  in  the  form  of  vertical  stirrups,  Equation 
3.  34.  10a  becomes 

“l.  175  +  0.  00002344  i  f .  " 
v  dy 

qsc  =  T2TTT 


<f'c  *Sc 


(1  +  Ob  ) 


(3.  34.  10b) 


The  resistance  of  the  fixed-edge  isotropic  slab  to  "pure"  shear  is 
the  same  as  for  the  simply- supported  stab. 


qv 


0.0245  (1  +  CX  )  f' 


(3,  34.  6) 


3-106 


Equations  3.  33.  9,  3.  33,  10  and  3.  34.  6  express  the  ultimate 
resistances  of  a  one-inch  width  of  two-way  reinforced  isotropic  slab,  fixed- 
edge  support,  to  the  three  postulated  failure  modes.  The  expressions  for 
and  qgc  may  be  solved,  as  for  the  simply-supported  case,  to  obtain  values 
of  ^gc  which  theoretically  correspond  to  equal  ultimate  resistances  in  flexure 
and  in  diagonal  tension  or  shear  compression.  The  resulting  equation  for 


"Sc 


1765  +  0,  035  3  ^  f, 
v  dy 


V2+e,) 


3+  oc  -  2  oc 


4.  5(1  +  a  -  a.  ) 


(3.  34.  11) 


This  equation  for  balanced  s!gc  may  also  be  expressed  in  terms  of 
the’ balanced  for  a  one-way  reinforced  slab  with  the  same  support  conditions 
and  material  properties.  The  resulting  equation  is  identical  with  that  previously 
derived  for  simple  -support  conditions. 


°Sc 


2 

3+  oc  -20 1 2 
4.  5(1  +  CX  -  Ct  2) 


(3.  34.  8) 


Values  of  rfgc  obtained  from  Equation  3.  34.  11  must  be  checked  by 

use  of  Equation  3.  34.6  or  Figure  3-4  to  ensure  that  the  resistance  of  the 

slab  to  "pure"  shear  will  not  control  the  design.  As  previously  explained, 

must  also  lie  within  acceptable  minimum  and  maximum  limits, 

OC 

Tables  3-22  to  3-27  contain  resistance  functions  calculated  for 
oc  =  1.0,  0.9,  0.8,  0.7,  0.  6  and  0.  5.  Isotropic  two-way  slabs  with  fixed- 
edge  support  can  be  designed  with  the  aid  of  these  resistance  functions,  for 
cases  where  "pure"  shear  does  not  control,  following  the  procedures 
described  for  one-way  reinforced  slabs. 

3.  34.  3  Orthotropic  Reinforcement 

After  introducing  an  affine  transformation  from  L-  to  L1,,  ,  the 

(39)  S  3 

orthotropic  slab  will  be  treated  as  an  isotropic  slab'  '.  In  this  way, 
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Table  3-22 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (cx  =  1.0) 


fdy  <PSi) 

44,  000 

52,  000 

60,  000 

75, 000 

Q<  =  rf'/rf 

cc 

0.25 

1.00 

0.25 

1.  00 

0.  25 

1.00 

0.25 

1.  00 

Read  value  of  k.  Compute  ^gc  =  f'c/k. 

< 

II 

o 

o 

15930 

28310 

22240 

39550 

29620 

52650 

46280 

82270 

*v  =  0.5 

7680 

13650 

9630 

17120 

11570 

20570 

15110 

26860 

o 

•— 1 

II 

> 

4510 

8010 

5350 

9500 

6120 

10880 

7410 

13160 

4  =  1,5 

V 

2960 

5260 

3390 

6030 

3780 

6710 

4380 

7790 

Required 
Depth  of  Beam 

T  2  T  2 
^  c  9__  T.  g 

Resistance  Function  — ^ -  (psi-sqft) 

Sc  Sc 

D(in.) 

d(in. ) 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

32 

54 

56 

58 

60 

7.  75 
9.  50 
11.  50 
13.  50 
15.  50 
17.  50 
19.  50 
21.  50 
23.  50 
25.  50 
27.  25 
29.  25 
31.  25 
33.  25 
35.  25 
37.  25 
39.  25 
41.  25 
43.  25 
45.  25 
47.  00 
49.  00 
51. 00 
53.00 
55.00 
57.  00 

7930 

11910 

17460 

24100 

31700 

40400 

50200 

61000 

72900 

85800 

98000 

112900 

128900 

1 45900 
164000 
183200 
203000 
225000 
247000 
270000 
292000 
317000 
343000 
371000 
399000 
429000 

9370 

14080 

20600 

28400 

37500 

47800 

59300 

72100 

86200 

101400 

115800 

1 33500 
152300 
172500 
193800 
216000 
240000 
265000 
292000 
319000 
345000 
375000 
406000 
438000 
472000 
507000 

10810 

16240 

23800 

32800 

43200 

55100 

68400 

83200 

99400 

1  17000 

1 33700 
154000 
175800 
199000 
224000 
250000 
277000 
306000 
337000 
369000 
398000 
432000 
468000 
506000 
544000 
585000 

13510 
20300 
29800 
41000 
54100  ! 

68900  | 
85600  ! 

104000  j 

124300 
146300 
167100 
192500 
220000 
249000 
280000 
312000 
347000 
383000 
421000 
461000 
497000 
540000 
585000 
632000 
681000 
731000 
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Table  3-23 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  o<  =  0.9) 


fdy  {psi) 

44,  000 

52,  000 

60,  000 

75,  000 

«■  = 

0.  25 

1.00 

0.  25 

1.  00 

0.  25 

1.00 

0.  25 

1.  00 

Read'  value  of  k.  Compute  =  f'^/k. 

K  =  o.o 

14560 

25380 

20  340 

36150 

27070 

48130 

42300 

75210 

Ks  o-5 

7020 

12480 

8800 

15650 

10570 

18800 

13810 

24560 

Ks  i-° 

4120 

7320 

4890 

8690 

5600 

9940 

6770 

120  30 

2700 

4810 

5520 

3450 

6140 

4000 

7120 

Required 
Depth  of  Beam 


D(in. 


d(in. ) 


Resistance  Function 


Sc 


q  L  - 
_2sc_b 

^Sc 


(pBi-sq  ft) 


10 

7.  75 

7230 

8550 

9860 

12330 

12 

9.50 

10870 

12840 

14820 

18520 

14 

11.50 

15920 

18820 

21700 

27100 

16 

13.  50 

21900 

25900 

29900 

37400 

18 

15.  50 

28900 

34200 

39400 

49300 

20  j 

17.50  | 

36900 

43600 

50300 

62800 

22 

19.  50 

45800 

54100 

62400 

78000 

24 

21.  50 

55600 

65800 

75900 

94900 

26 

23.  50 

66500 

78600 

90700 

113300 

28 

25.  50 

78  30  0 

92500 

106700 

133400 

30 

27.  25 

89400 

105700 

121900 

152400 

32 

29.  25 

103000 

121700 

140500 

175600 

34 

31.  25 

117600 

1 38900 

160300 

200000 

36 

33.  25 

133100 

1 57300 

181500 

227000 

38 

35.  25 

149600 

1 76800 

204000 

255000 

40 

37.  25 

167000 

197400 

228000 

285000 

42 

39.  25 

185500 

219000 

253000 

316000 

44 

41.  25 

205000 

242000 

279000 

349000 

46 

43.  25 

225000 

266000 

307000 

384000 

48 

45.  25 

247000 

291000 

336000 

420000 

50 

47.  00 

266000 

314000 

363000 

453000 

52 

49.  00 

289000 

342000 

394000 

493000 

54 

51.  00 

313000 

370000 

427000 

534000 

56 

5  3.  00 

338000 

400000 

461000 

576000 

58 

55.  00 

364000 

430000 

497000 

621000 

60 

57.  00 

391000 

462000 

533000 

667000 
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Table  3-24 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  c*  a  0.  8) 


£dy  (P8i> 

44,  000 

52,  000 

60,  000 

O'  =  4'USc 

0.  25 

1.00 

0.  25 

1.00 

0.  25 

1.00 

0.  25 

1. 00 

Read  value  of  k.  Compute  a 

K  =  o.o 

13500 

24000 

18850 

33520 

25100 

44630 

69730 

K  =  0.  5 

6510 

11570 

8160 

14510 

9800 

1  7430 

22770 

*VB  1-° 

3820 

6790 

4530 

8050 

9220 

6280 

11160 

K  ■  1-5 

2500 

4460 

2870 

5110 

3200 

5690 

3710 

6600 

Required 
Depth  of  Beam 

t  2  T  2 

g  qgc  g 

Resistance  Function  ,  a  ,  (psi-sqft) 

^Sc  *Sc 

D(in.) 

d(in. ) 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

7.  75 

9.  50 
11.  50 
13.  50 
15.  50 
17.50 
19.  50 
21.  50 
23.  50 
25.  50 
27.  25 
29.  25 
31.  25 
33.  25 
35.  25 
37.  25 
39.  25 
41, 25 
43.  25 
45.  25 
47.  00 
49.  00 
51. 00 
53.  00 
55.  00 
57.00 

6500 

9760 

14310 

19710 

26OU0 

33100 

41100 

50000 

59700 

70300 

80300 

92500 

105600 

119600 

134400 

150100 

166600 

184100 

202000 

221000 

239000 

260000 

281000 

304000 

327000 

351000 

7680 

11540 

16910 

23300 

30700 

39100 

48600 

59100 

70600 

83100 

94900 

109400 

1 24800 
141300 
158800 

1 77400 
196900 
218000 
239000 
262000 
282000 
307000 
332000 
359000 
387000 
415000 

8860 

13310 

19510 

26900 

3540  U 
45200 
56100 
68200 
81500 
95900 
109500 
126200 
144000 
163100 
183300 
205000 
227000 
251000 
276000 
302000 
326000 
354000 
384000 
414000 
446000 
479000 

11070 

16640 

24400 

33600 

44300 

56500 

70100 

85200 

101800 

119900 

136900 

157700 

180100 

204000 

229000 

256000 

284000 

314000 

345000 

378000 

407000 

443000 

480000 

518000 

558000 

599000 

3  'HI 


J 


\ 


} 


! 


1 
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Table  3-25 

RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  c*  =  0.7) 


44,  000 

52,  000 

60,  000 

75,  000 

■  a 

0.25 

1.00 

0.  25 

1.00 

^  0.  25 

1. 00 

0.  25 

1.  00 

Read  value  of  k.  Compute  ^gc  =  f'0/k. 

'i  s  0.0 

V 

12610 

22410 

17610 

31300 

23440 

41670 

j>  =  0.  5 

6080 

10310 

7620 

13550 

9160 

16280 

11960 

21260 

mam 

3570 

6340 

4230 

7520 

4840 

8610 

5862 

10420 

mamm 

2340 

4160 

2680 

4780 

2990 

5310 

3470  ,  6160 

Required 
Depth  of  Beam 

2  2 
^  S  ^  S 

Resistance  Function  —3 - *■  =  — t - (pBi-aqfjt) 

*Sc  *Sc 

’ 

D(in.)  d(in, ) 

10 

7.  75 

10200 

12 

9.  50 

■Ell. 

-  *  mSIpP 

15320 

14 

11.  50 

1 5  ShiiiiI 

22500 

16 

13.50 

18150 

21500 

24800 

30900 

18  . 

15.  50 

23900 

28300 

32600 

40800 

20 

17.  50 

30500 

36100 

41600 

52000 

22 

19.  50 

37900 

44800 

51700 

64600 

24 

21. 50 

46000 

54400 

62800 

78500 

26 

23.  50 

55000 

65000 

75000 

93800 

28 

25.  50 

64800 

76500 

8830  0 

1 10400 

30 

27.  25 

74000 

87400 

100900 

126100 

32 

29.  25 

85200 

100700 

116200 

145300 

34 

31.  25 

97300 

115000 

1 32600 

165800 

36 

33.  25 

110100 

130100 

1 50200 

187700 

38 

35.25 

123800 

146300 

168800 

211000 

40 

37.  25 

138200 

163300 

188500 

236000 

42 

39.  25 

153500 

181400 

209000 

262000 

44 

41.  25 

169500 

200000 

231000 

289000 

46 

43.  25 

186300 

220000 

254000 

318000 

48 

45.  25 

204000 

241000 

278000 

348000 

50 

47.  00 

220000 

260000 

300000 

375000 

52 

49.  00 

239000 

283000 

326000 

408000 

54 

51.  00 

259000 

306000 

353000 

442000 

56 

5  3.  00 

280000 

331000 

382000 

477000 

58 

55.  00 

301000 

356000 

411000 

514000 

60 

57.  00 

324000 

382000 

441000 

552000 
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Table  3-26 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  { CX  =  0.6) 


Table  3-27 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ISOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  ( cx  =  0.5) 


44,  000 

52,000 

60,  000 

75,  000 

0.  25  1.  00 


Read  value  of  k.  Compute  $Sgc  =  f'c/k. 


0. 25  1.00  0.25  1.  00 


32140 

57140 

10500 

18660 

5140 

9140 

3040 

5410 

636 
955 
1400 
1929 
2540 
3240 
4020 
4890 
5840 
6880 
7860 
90500 
103400 
117000 
13150  0 
146900 
163000 
180100 
198000 
217000 
234000 
254000 
275000 
297000 
320000 
344000 


(psi-  eqft) 


795 

1194 

1750 

2410 

3180 

4050 

5030 

6120 

7310 

8600 

9820 

113200 

129200 

146300 

164400 

183600 

204000 

225000 

247000 

271000 

292000 

318000 

344000 

372000 

400000 

430000 


through  the  relationship, 


LS  LS 

O*  =  - —  is  transformed  to  oc  1  =  -= —  = 


h 


S  " 


The  term  jj.  represents  the  coefficient  of  orthotropy  which,  for  the  two-way 
orthotropic  slabs  analyzed  in  this  study,  can  be  considered  as  the  ratio  of 
the  area  of  tension  steel  in  the  short- span  direction  to  that  in  the  long-span 
direction.  Thus,  for  an  under-reinforced  orthotropic  slab  of  uniform  thickness, 
ultimate  moment-capacity  in  the  Lg  direction  is  jj.  times  the  ultimate  moment 
capacity  in  the  direction. 


For  maximum  weight  economy, 


( 35) 

it  has  been  recommended1  '  that 


M-  = 
e 


3  -  2  OC 
OC  2 


Substituting  this  recommended  value  for  jj_  e  in  the  equation  oc  1  = 
the  oc  transformation  associated  with  maximum  weight  economy  can  be 
obtained. 


oc  ' 


( j.  34.  12) 


With  this  transformation,  the  orthotropic  slab  may  then  be  analyzed  as  an 
equivalent  isotropic  slab. 

(a)  Simply-Supported  Two-Way  Reinforced  Orthotropic  Slab 

The  ultimate  flexural  resistance  of  a  one-inch  width  of  two-way 
reinforced  slab  is  expressed  by  Equation  3.  34,  1  as, 


*f  = 


0.  000750  USc  +  *Se)fdy 


(3.  34.  1) 


3-114 


For  an  orthotropic  slab,  ^gc  =  fj.  and  «>ge  -  j~i  i>  j^e 
Substituting  in  Equation  3.  34,  1  yields, 


/  d 

2 

e*  ,  /  2-  cf- 

‘ 

Kj 

jj  + 

qf  =  0.  00075  («5Sc^Se)fdy  T^j 
For  the  simply-supported  slab,  with  =  0,  Equation  3.34.  13 


(3. 34.  13) 


reduces  to 


,f  =  0.  00075  <sAy  W 


2-  <*- 

3  -2  ok 


(3.  34.  14) 


An  analytical  inconsistency  becomes  apparent  when  Equations 
3.  34.  14  and  3.  33,  3  are  compared.  While  identical  values  of  should  be 
obtained  as ^  becomes  very  large,  such  is  not  found  in  actuality.  The  in¬ 
consistency  is  attributable,  it  is  believed,  to  a  fundamental  lack  of  rationality 
in  the  one-way  and  two-way  slab  equations.  This  short -coming  becomes 
emphasized  when  orthotropic  behavior  iB  examined  for  the  two-way  slab.  Good 
agreement  between  the  flexural  equations  for  the  one-way  and  two-way  slabs 
can  be  obtained  empirically,  if  so  desired,  if  the  right-hand  side  of  Equation 
3. 34. Mis  multiplied  by  1/12  (S  +  3/ot  +  4 //i). 


By  substituting  fj  for  fA  in  Equation  3.  34.  14,  where 


3-2  c* 
— 


we  obtain 


qf=  0.  00075  «SScfdy 
=  /^e) 


g<  3  2-C A 

3-2CA  2  3-2 O' 


(3.  34.  15) 


Following  the  recommendations  of  Reference  2,  the  ultimate 
resistances  of  a  two-way  reinforced  isotropic  slab  to  "pure"  shear  and  to 
diagonal  tension-shear  compression  are  taken  as  2/3  (  1  +o<)  times  those  of 
a  comparable  one-way  reinforced  slab.  Since  the  shearing  resistance  of  the 
slab  is  not  affected  by  two-way  reinforcement,  the  anticipated  increase  in 
ultimate  resistance  must  reflect  the  load  carried  by  end-walls  due  to  two-way 
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slab  action.  The  load  distribution  on  the  end  walls  of  an  isotropic  two-way 
slab  is  roughly  proportional  to  ot  .  The  same  ratio  for  an  orthotropic  slab 
will,  depending  on  the  particular  pattern  of  orthotropy  which  is  selected,  lie 
somewhere  betw  een  ot  and  Recognizing  that  a  considerable  degree  of 

approximation  is  involved,  the  equations  for  q  and  q  for  the  two-way  isotropic 

(21  v  sc 
slab'  '  will  be  modified,  through  introducing  the  factor /n  ,  before  they  are  applied 

to  the  two-way  orthotropic  slab. 

The  ultimate  resistance  of  a  one-inch  width  of  two-way  reinforced 
orthotropic  slab  to  diagonal  tension  and  shear  compression,  assuming 
simply-supported  edges  and  no  web  reinforcement,  can  then  be  expressed 
as, 


0.  482 

TT+TP) 


<f,c*Sc> 


1/2 


1.5  + 


c* 

t~h 


(3.  34.  16a) 


Equation  3.34.  16a  is  comparable  to  Equation  3.34.4b,  which  de¬ 
scribes  the  q  mode  for  the  simply-supported  isotropic  slab.  For  the  or¬ 
thotropic  slab,  however,  the  term  (1.5+  yrjj-)  is  substituted  for  the  ( 1  +  «.)  term 
which  appears  in  the  isotropic  equation.  This  approach  assumes  that  the  or- 
thotropic  slab  has  the  shearing-mode  resistance  of  a  one-way  slab,  plus  an  ef¬ 
fective  additional  resistance  proportional  to  (  )  due  to  its  two-way  action. 

Since  the  values  of  /J  associated  with  maximum  weight  economy  increase  rapidly 
as  aH,  is  decreased,  the  orthotropic  shearing -mpde  resistance  expressed 
by  Equation  3.  34.  16a  becomes  essentially  that  of  a  one-way  slab  as  Ot,  approaches 
a  value  of  0.5.  At  the  other  extreme,  a  value  of  Ot  =  1,  0  corresponds  to  the  is¬ 
otropic  case  with  H  e  =  1-0.  Equation  3,  34.  4b  should  thus  be  used  in  lieu  of 
Equation  3.  34.  1 6a  whence  =1.0. 

If  web  reinforcement  is  supplied  in  the  form  of  vertical  stirrups, 
Equation  3.  34.  16a  becomes,  for  0.  5  <  ©<  <  0.  9 


(  I 


0.  482  +  0.  00000964{S  f 

TTT5T  'LJL 


By  introducing  yM  = 
for  0.  5  ^  0.9, 


0.  482 
(2  +  O') 


<Vsc> 


1/2 


1.5  + 


(3.  34.  16b) 


Equation  3.  34.  16a  and  3.  34.  16b  become, 


5  + 


c* 


6-4CK 


(3. 34. 17a) 


(ior ja  =  fj  ) 
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'0.482  +  0.00000964  <4  f,  ]  ,  .  .  .2  / 

; - ittt! - ■**]  <  Vsc>  ( 


2  /  -*3 
I  I  i  e  .  O' 


1.5  +  — — ,  (3.34.17b) 
6-4*Zl 


(for //  =  ,Me) 


The  ultimate  shearing  resistance  of  a  one -inch  width  of  two-way 
reinforced  orthotropic  slab  with  simply-supported  edges,  following  the  same 
reasoning  used  in  developing  Equation  3.  34.  16,  can  be  expressed  approxim¬ 
ately  as  follows  for  0.  5  ^  ©t  ^  0.9. 


q  =  0.  0245  / 1.5  +  »2L 

v  *7* 


H-y 


By  substituting  yU  =  yn  ,  Equation  3.34.18  becomes 


qv(for/4  =  0.0245  [l  .  5  + 


6-4  cC 


(3.  34.  18) 


(3.  34.  19) 


Equations  3.  34.  14,  3.  34.  16  and  3.  34.  18  express  the  ultimate 
resistances  of  a  one-inch  width  of  two-way  reinforced  orthotropic  slab,  simply 
supported,  to  the  three  failure  modes  considered  in  this  study.  Equations 
3.  34.  15,  3.  34.  17  and  3.  34.  19  provide  similar  information  and  include  the 
assumption  that  the  ratio  of  steel  in  the  short-span  direction  to  that  in  the 
long-span  direction,  g/  4^  =/f]’  Batisfy  the  relation  yu  =  yui 

where 


3-2  oi 


The  expressions  for  q^  and  q^c  can  be  solved  simultaneously  to  obtain  values 

of  4„  associated  with  equal  ultimate  resistances  in  flexure  and  in  diagonal 
Ij  c 

tension  or  shear  compression. 


From  Equation  3.  34.  14  and  3.  34.  16, 


1450  +  0. 0289  4 


Liij  [ - i 

j  4.5c*  + 


(3. 34.  20) 
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From  Equations  3.  34.  15  and  3.34.  17b, 


^Sc 

*1450  +  0.  02  89  i  f , 
v  dy 

2 

f  * 

9/<*  2  -  6  +  C* 

p 

. V’2  +  ^ 

c 

4.5<*  +  4.  sf 

I  2-<* 

(for  >3 

=  He) 

\  c*  ^  / 

l  3  -  2<*j. 

(3.  34.  21) 


This  expression,  which  yields  values  of  ^gc  corresponding  to  equal  ultimate 
resistances  for  the  two-way  orthotropic  slab  in  flexure  and  in  diagonal  tension 
or  shear  compression,  can  be  directly  related  to  the  comparable  expressions 
for  <t>  in  the  one-way  slab.  Assuming  /J  =  ,  Equation  3.  33.  8b  and 

3.  34.  21  yield, 


(3.  34.  22) 


Values  of  «Sgc  obtained  form  Equations  3.34,20  or  3.34.21  must 
be  checked,  by  use  of  Equations  3.34.  18  or  3.  34.  19, to  ensure  that  slab 
resistance  to  "pure"  shear  will  not  control  the  design.  The  maximum 
permissible  value  of  q'd  ,  if  "pure"  shear  is  not  to  govern,  can  be  expressed 
for  the  two-way  orthotropic  simply- supported  slab,  as 


q'  (max.  )  = 


0. 1635 


3  m  + 


(3.  34.  23a) 


,  ,  s*  , .  ,  _  0.  1635 

q'd  =  H  „)  " 

o 


9  /<*/  -  6  +ot 


+ 


I 


3-201  \[  2-  c* 


3-2W, 


(3. 34.23b) 


As  in  earlier  sections,  q1^  =  pf^/f^.  Representative  values  from 
Equation  3.  34.  23b  are  plotted  on  Figure  3-4. 


3-J  18 


Values  used  lor  ^gc  must  also  lie  within  acceptable  maximum  and 
minimum  limits,  as  previously  explained.  Tables  3-28  to  3-32  contain 
resistance  functions  calculated  for  =  0.9,  0.  8,  0.  7,  0.  6  and  0.  5. 

Orthotropic  two-way  reinforced  slabs  with  simply-supported  edges  can  be 
designed  with  the  aid  ol  these  resistance  functions, as  described  for  one-way 
reinforced  slabs,  for  cases  where  "pure"  shear  does  not  control.  Tables 
are  not  included  for  c*,  =1.0,  since  the  orthotropic  and  isotropic  slabs  with 
fA  =  are  identical  for  this  limiting  case.  It  should  be  noted  that  the  resis¬ 
tance  function  of  Tables  3-28  to  3-32  are  computed  by  assuming 


h  = 


(b)  Fixed-Edge  Two-Way  Reinforced  Orthotropic  Slabs 

By  assuming  that  equal  areas  of  reinforcement  will  be  provided  in 
the  top  and  bottom  of  the  slab,  and  then  Equation 

3.  34.  13,  as  applied  to  a  one-inch  width  of  fixed  -edge  Blab,  becomes 

2 

,f.0.00.5<sc<dy  j-TJ— -J  0.34.24) 


As  explained  for  the  simply- supported  orthotropic  slab,  there  is  a 
basic  inconsistency  between  Equations  3.  34.  24  and  3.  33.  10  for  large  values  of 
.  The  numerical  discrepancy  in  predicted  values  of  can  be  empirically 
reduced  if  the  right  hand  side  of  Equation  3.  34.  24  is  multiplied  by  1/12 
[5  +  3M  +  4//U  j  . 


By  substituting^  =  in  Equation  3.34.22  where  u  =  — - — * -  ,  we 

e  '  6  & 

obtain  ^ 


qf  =  0.0015  «SScfdy 

(for  M  = 


/  _1_  I2 

,  2-  c*  ‘ 

ra 

.  3-2  3-2CA  . 

(3.  34. 25 


The  resistance  of  a  one-inch  width  of  two-way  reinforced  orthotropic 
slab  to  diagonal  tension  and  shear  compression,  assuming  fixed  edges  and  no 
web  reinforcement,  can  be  expressed  for  0.  5^  o*,  ^  0,  9  as 
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Table  3-28 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED  , 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  ( ex  =  0.9) 


Table  3-29 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  ex  «  0.8) 


fdy  (?si) 

44,  000 

52,000 

60,  000 

75,000 

0'  =  «S'/»5Sc 

0.25 

1.00 

.0.25 

1.  00 

0.  25 

1. 00 

0.  25 

1. 00 

Read  value  of  k.  Compute  ^gc  =  f'c/k. 

«sv=  0.0 

26100 

46410  •  34750 

61780 

54300 

96540 

K  =  0-  5 

90  30 

16060 

11330 

20130  1.3600 

24200 

17780 

31610 

*SV=  1.0 

5300 

9430 

6290 

11190  7210 

12810 

8720 

15510 

■son 

3480 

6200 

4000 

7110  4450 

7910 

5160 

9180 

Required 
Depth  of  Beam 

D(in.)  I  d<in.) 


Reslatance  Function 


(psi-sq  f,t) 


10 

fflmBm  I 

SlnSi 

4290 

12 

6440 

14 

5540 

Sif! 

il  iW&Md 

9440 

16 

13.50 

7630 

9020 

10400 

13000 

18 

15.50 

10060 

11890 

13710 

17140 

20 

17.50 

12820 

15150 

17480 

21900 

22 

19.50 

15920 

18810 

21700 

27100 

24 

21.50 

19350 

22900 

26400 

33000 

26 

23.50 

23100 

27300 

31500 

39400 

28 

25.  50 

27200 

32200 

37100 

46400 

30 

27.  25 

31100 

36700 

42400 

53000 

32 

29.25 

35800 

42300 

48800 

61000 

34 

31.25 

40900 

48300 

55700 

69700 

36 

33.25 

46300 

54700 

63100 

78900 

38 

35.25 

52000 

61500 

70900 

88700 

40 

37.  25 

58100 

68600 

79200 

99000 

42 

39.25 

64500 

76200 

87900 

109900 

44 

41.25 

71200 

84200 

97100 

121400 

46 

43.25 

78300 

92500 

106800 

133500 

48 

45.  25 

85700 

101300 

116900 

146100 

50 

47.00 

92500 

109300 

126100 

157600 

52 

49.00 

100500 

1  18800 

137100 

1 71300 

54 

51.00 

108900 

128700 

148500 

185600 

56 

53.00 

1 17600 

1 39000 

160300 

200000 

58 

55,00 

126600 

149700 

1 72700 

216000 

60 

57.  00 

136000 

160700 

185500 

232000 

I 


Table  3~30 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  ( o<  =  0.7) 


fdy 

(psi) 

44, 

000 

52,  000 

60, 

000 

75,  000 

0'  = 

'•"Sc 

0.25 

1.00 

0.25 

_ 

0.  25 

1.00 

0.  25 

1.00 

Read  value  of  k.  Compute 

*Sc  "  f'c 

/k. 

K- 

0.  0 

16640 

29580 

23240 

41320 

30940 

55010 

48  350 

8  5950 

K- 

0.  5 

8040 

14300 

10080 

17930 

12120 

21540 

15830 

28150 

4 

V 

1.  o 

i m 

5600 

9960 

6420 

1 1410 

7770 

13810 

4  = 

V 

1.  s 

3100 

5520 

3560 

6330 

3960 

7050 

4600 

8170  | 

Required 

q# 

.  2 

L  s  q 

Depth  of  Beam 

Resistance  Function — - 

-g -  (psi-sq  ft) 

D(in.) 

d(  in. ) 

Sc 

oc 

10 

7.75 

1980 

2340 

2700 

3380 

12 

9.50 

2980 

3520 

4060 

5080 

14 

11.50 

4360 

5160 

5950 

7440 

16 

13.50 

6010 

7110 

8200 

10250 

18 

15.50 

7930 

9370 

10810 

13510 

20 

17.  50 

10110 

11940 

13780 

17230 

22 

19.50 

12550 

14830 

17110 

21400 

24 

21.50 

15250 

18030 

20800 

26000 

26 

23.  50 

18220 

21500 

24900 

31100 

28 

25.  50 

21  500 

25400 

29300 

36600 

30 

27.  25 

24500 

29000 

33400 

41800 

32 

29.  25 

28200 

33400 

38500 

48100 

34 

31. 25 

32200 

38100 

43900 

54900  ; 

36 

33.25 

36500 

43100 

49800 

62200 

38 

35.25 

41000 

48500 

55900 

69900 

40 

37.  25 

45800 

54100 

62400 

78100 

42 

39.  25 

50800 

60100 

69300 

86700 

44 

41.25 

56200 

66400 

76600 

95700 

46 

43.  25 

61700 

73000 

84200 

105200 

48 

45.  25 

67600 

79900 

92100 

115200 

50 

47.  00 

72900 

86200 

99400 

1 24300 

52 

49.  00 

79200 

93600 

108000 

135100  ; 

54 

51. 00 

85800  , 

■  101400 

117000 

146300 

56 

53.  00 

92700 

109600 

126400 

158000 

58 

55.  00 

99800 

I 18000 

13610  0 

170200 

60 

57.  00 

107200 

1 26700 

146200 

182800  j 
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Table  3-31 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  CX  =  0.  6) 


fdy  (Pai) 

44,  000 

52,  000 

60,  000 

75,  000 

o-  = 

0.25 

1.00 

0.  25 

1. 00 

0.  25 

1.00 

0.25 

1. 00 

Read  value  of  k.  Compute  ^gc  =  £'c/k. 

K  »  °*° 

14990 

26650 

20940 

37220 

27870 

49560 

43550 

77430 

K =  °* 5 

7240 

12880 

9080 

16150 

10920 

19410 

14260 

25360 

*v  =  1.0 

4250 

7560 

50  50 

8980 

5780 

10280 

7000 

12440 

K*  !-5 

2790 

4970 

3210 

5700 

3570 

6350 

4140 

7360 

Required 
Depth  of  Beam 

.  2  ,2 
q£  i-j  g  ^sc  ^  S 

Resistance  Function  .  .  a  a,  (psi-sqft) 

®Sc  ^Sc 

D(in.) 

d(in,  ) 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

7.  75 
9.50 

11. 50 
13.  50 
15.  50 
17.  50 

19.50 

21. 50 
23.  50 

25.50 
27.  25 

29.25 

31.25 

33.25 

35.25 
37.  25 
39.  25 

41.25 
43.  25 

45.25 
47.  00 
49.  00 
51.00 
53.  00 
55.00 
57.  00 

.  1840 

2760 

4040 

5570 

7340 

9360 

11620 

14120 

16870 

19870 

22700 

26100 

29800 

33800 

38000 

42400 

47100 

52000 

57200 

62600 

67500 

73400 

79500 

85800 

92400 

99300 

2170 

3260 

4780 

6580 

8680 

11060 

13730 

16690 

19940 

23500 

26800 

30900 

35300 

39900 

44900 

50100 

55600 

61400 

67500 

73900 

79800 

86700 

93900 

101400 

109200 

117300 

2500 

3760 

5510 

7590 

10010 

12760 

15840 

19260 

23000 

27100 

30900 

35600 

40700 

46100 

51800 

57800 

64200 

70900 

77900 

85300 

92000 

1 00000 
108400 

1  17000 
126000 

1 35400 

3130 

4700 

6890 

9490 

12510 

15950 

19800 

24100 

28800 

33900 

38700 

44600 

50900 

57600 

64700 

72300 

80200 

88600 

97400 

106600 

115100 

125100 

135500 

146300 

157600 

169200 
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Table  3-32 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  SIMPLY  SUPPORTED  (  ot  =  0.5) 


£dy  <P8i> 

44,  000 

52,  000 

60,  000 

75,  000 

_ 

0.  25 

1. 00 

1.  oo 

Read  value  of  k.  Compute  =  f'c/k. 


*y  =  0.  0 

13700 

24350 

19130 

34020 

25470 

45280 

. 

«Sy  =  0.  5 

6620 

11770 

8300 

14760 

9980 

17740 

13040 

23170 

K= 

3890 

6910 

4610 

8200 

5280 

9390 

11370 

*v  =  1-5 

4540 

_ 

2930 

5210 

3ZW 

5800 

6730 

Required 
Depth  of  Beam 


D(in.) 

d(in. ) 

10 

7.75 

12 

9.  50 

14 

11.50 

16 

13.50 

18 

15.  50 

20 

17.50 

22 

19.50 

24 

21.50 

26 

23.50 

28 

25.50 

30 

27.25 

32 

29.25 

34 

3.1.25 

36 

33.  25 

38 

35.25 

40 

37.  25 

42 

39.  25 

44 

41.25 

46 

43.25 

48 

45.  25 

50 

47.00 

52 

49.00 

54 

51.00 

56 

53.00 

58 

55.  00 

60 

57.  00 

Resistance  Function 


1610 

1910 

2430 

2870 

3560 

4200 

4900 

5790 

6460 

7630 

8230 

9730 

10220 

12080 

12430 

14690 

14850 

17550 

17480 

20700 

19970 

23600 

23000 

27200 

26300 

31000 

29700 

35100 

33400 

39500 

37300 

44100 

41400 

49000 

45800 

54100 

50300 

59400 

55100 

65100 

5940  0 

70200 

64600 

76300 

69900 

82700 

75500 

89300 

81300 

96100 

87400 

103200 

St 


®  (psi-sqf.t) 

^Sc 


2200 
3310 
4850 
6680 
8810 
11230 
13940 
16950 
20200 
23800 
27200 
31400 
35800 
40500 
45600 
50900 
56500 
62400 
68600 
75100 
81000 
88000 
95400 
103000 
1 10900 
1 19100 


2750 
4140 
6060 
8350 
11010 
14040 
17430 
21200 
25300 
29800 
34000 
39200 
44800 
50700 
57000 
63600 
70600 
78000 
85700 
93800 
101200 
1 10000 
1 19200 
128700 
1 38600 
148900 
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(3.  34.  26a) 


q 


sc 


1.  175 
<2+0 


<Vs<J 


1/2 


+ 


zp 


If  web  reinforcement  is  supplied  in  the  form  of  vertical  stirrups,  Equation 
3.  34.  26a  becomes 


*8C 


1 , 175  +  0,  00002  35  $  i, 

y  ,_°E 


2  +  8' 


5  + 


o< 

wt 


(3.  34.26b) 


By  Introducing  jj.  a  jjl  ,  Equations  3.  34.  26a  and  3.  34.  26b  become 


(for  /a  .  /J.o) 


6-4  ot  / 


(3.  34.  27a) 


’sc 

(for  ^i.c) 


1.  175  +  0.0, 000235  iiA 
v  ay 

- (2VO  •'  • - 


i/2  /  d. 


«f,c^Sc>  ' 'E 


1,5  +  ._gS_p-34.27b) 
6  -  4  Gki 


The  ultimate  shearing  resistance  of  the  fixed-edge  orthotropic  slab 
is  equal  to  that  determined  for  the  simply- supported  orthotropic  slab.  For 
0.  5 ^  04  ^0.9  this  resistance  can  be  expressed  as  follows ; 


%  =  0.0245  (l.'5+.fL. 


f' 

c 


qy  {for  -  /A  e)  =  0.  0245  1.5  + 


4  cA‘ 


(3.34.  18) 


(3.  34.  19) 
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Equations  3, 34,  24,  3.  34.  26  and  3.  34.  18  express  the  ultimate 
resistances  of  a  one-inch  width  of  two-way  reinforced  orthotropic  slab, 
assuming  fixed-edge  support,  to  the  three  failure  modes  considered  in  this 
study.  Equations  3.  34.  25,  3.  34.  29  and  3.  34.  19  provide  similar  information 
and  include  the  assumption  that 


I  3-2  Of  2 


Solving  Equations  3.  34.  24  and  3.  34.  26  we  obtain  the  values  of  d  aseociated 

Sc 

with  equal  ultimate  resistances  in  flexure  and  in  diagonal  tension  or  shear 
compression. 


'1765+0.0353  4  f  1 
v  dv 

2 

3/4+04  ] 

L  £dy  (2  +  °’>  J 

4.5  C*  +  4.  5yU 

Z-  of. 

J 

(3.34.28) 


Similarly,  from  Equations  3.  34.  25  and  3.  34.  27, 


A 

1765  +  0.  0353  i  f, 
v  dy 

2 

■» 

9/c*  2  -6  +04 

*Sc  " 

V2  +  0,1 

„  E  / 3 -2 cA,t‘ 

4.  5  Os  +4.5  - *—• 

2-C 

-  - 

<*  2  . 

3-ck 

(  M  = 

Me] 

L  » 

- 

Values  of  4gc  obtained  from  Equations  3.  34.  28  or  .3.  34.  29  must  be 
checked  by  use  of  Equation  3.34.  18  or  3.  34,  19' to  ensure  that  resistance  in 
"pure"  shear  will  not  control  the  design.  The  maximum  permissible  value  of 
q1^,  if  "pure"  shear  is  not  to  govern,  can  be  expressed  for  the  two-way 
orthotropic  fixed-edge  slab  as 
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q'd(max.) 


0.0818 

3  At  +  <X 

(d/L,s> 

2 

_a  +  3  -  20t 

(3.  34.  30a) 


,  .  0.0818 
q'd  (max,  @  /u==  p.  J  »  (^£;  j 

s 


(3.  34.  30b) 


Representative  values  form  Equation  3.  34.  30b  are  plotted  on 
Figure  3-4.  Values  of  dgc  must  still  lie  within  acceptable  maximum  and 
minimum  limits.  Tables  3-33  to  3-37  contain  resistance  functions  calculated 
for  04  =  0.9,  0.  8,  0.  7,  0.  6  and  0.  5  with 


(3-2*2\ 

r^-J 


Orthotropic  two-way  reinforced  slabs  with  fixed-edge  support  can  be  designed 
with  the  aid  of  these  resistance  functions,  assuming  "pure"  shear  does  not 
control, by  following  the  procedures  described  for  one-way  reinforced  slabs. 

3.  34.  4  Cost  Studies 

Coat  studies  for  one-way  reinforced  concrete  slabs,  specifically 
referenced  to  a  condition  of  full  edge -fixity,  are  presented  in  Section  3,  33.  2 
In  the  following  paragraphs,  a  generalized  cost  analysis  will  be  developed 
which,  with  the  substitution  of  proper  coefficients,  can  be  applied  to  any  type 
of  reinforced  concrete  slab.  The  analytical  expressions  which  describe 
ultimate  slab  resistances  in  the  three  postulated  failure  modes  will  first  be 
related,  for  the  several  types  of  reinforcement  and  conditions  of  end  restraint, 
through  the  coefficients  k^,  kv,  and  kgc  where 

kj  =  flexure  resistance  coefficient 

k  =  shear  resistance  coefficient 

v 

kgc  =  diagonal  tension  resistance  coefficient 
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Table  3-33 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  CX.  =  0.9) 


fdy  (P8i) 

44,  000 

52, 

000 

60,  000 

75, 

O'  =  *'/^c 

0.25 

1.00, 

0.  25 

1. 00 

0.  25 

1.00 

0.25 

Read  value  of  k.  Compute  jL  =  £'  /k. 

OC  C 


19900  35380  26490 


8630  15350  |  10370  18440  13550  I  24100 


4800  8530  5490  9770 


,5  2650  4720  3050  5420  3400  6030  I  3940  I  7000 


T  2  .2 

qsc  s 

Reeiatance  Function  -4 — p  — ■ 

vs,,  — 


7200  ,  8310 

10820  12480 

15860  18290 

21800  25200 

28800  33200 

36700  42400 

45600  52600 

55400  63900 

66200  76400 

78000  90000 

89000  102700 

102600  118400 

117100  135100 

132500  152900 

149000  171900 

166400  191900 

184700  213000 

204000  235000 

224000  259000 

245000  283000 

265000  306000 

288000  332000 

312000  360000 

337000  389000 

363000  418000 

390000  449000 


(psi-?qfit) 


10390 
15610 
22900 
31500 
41500 
53000 
65800 
79900 
95500 
1 12400 
128400 
147900 
168900 
191200 
215000 
240000 
266000 
294000 
323000 
354000 
382000 
415000 
450000 
486000 
523000 
562000 


Table  3-34 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROFIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  CX  =  0.8) 


fdy  (?si> 


0'  =  d'Ms 


44,  000 


52,  000 


60, 

000 

75, 

000 

0.  25 

1.00  ! 

0.  25 

1. 00 

c  =  f* 
Sc  c 

/it. 

23460 

41700 

36650 

65160 

9180 

16340 

12000 

21340 

4870 

8650 

5890 

10470 

3000 

5340 

3480 

6200 

Required 
Depth  of  Beam 


D(in.)  d(in. ) 


7.  75 
9.  50 

11.50 

13.50 

15.50 


Resistance  Function 


54400 


,  2 
q  L  c 
2ac_S 


6860 

10300 


(psi-aq  ft) 


81800 

96600 

111500 

92600 

109400 

126200 

104000 

122900 

141900 

116200 

137300 

158400 

129000 

152400 

175900 

142500 

168400 

194300 

1 56600 

1 85100 

214000 

171400 

203000 

234000 

184900 

219000 

252000 

201000 

238000 

274000 

218000 

257000 

297000 

235000 

278000 

321000 

253000 

299000 

345000 

Z 72000 

321000 

371000 

106000 
122100 
1  39400 
157800 
1  77300 
1 98000 
220000 
243000 
267000 
292000 
315000 
343000 
371000 
401000 
432000 
464000 


Table  3-35 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  e*  =  0.7) 


fdy  <Psi) 

44, 

00  0 

0’  -  <'/i5c 

0.  25 

1.00 

_ 

52,  000 


60, 

000 

75, 

000 

0.  25 

1.00 

0.25 

1.  00 

Read  value  of  k.  Compute  ^_  =  f'  /k. 

SC  c 


QQgiggll 

15690 

27890 

20880 

37130 

32640 

5430 

9650 

6800 

12100 

8180 

14540 

10680 

3190 

5670 

3780 

6720 

4330 

7700 

5240 

2090 

3730 

2400 

4270 

_ 

2670 

4760 

3100 

7.  75 
9.50 

11.50 
13.  50 

15.50 

17.50 

19.50 

21.50 

23.50 

25.50 
27.  25 
29.  25 

31. 25 
33.  25 

35.25 
37.  25 
39.  25 
41.  25 
43.  25 
45.  25 
47.  00 
49.00 
51.00 
53.00 
55.00 
57.00 


Resistance  Function 


3960 
5960 
8730 
12030 
15860 
20200 
25100 
30500 
36400 
42900 
49000 
56500 
64500 
73000 
82000 
91600 
101700 
1  12300 
123500 
135100 
145800 
158500 
171700 
185400 
199600 
214000 


(psi-sqft) 


4680 

7040 

10320 

14220 

BBBraT!  SBBS 

18740 

21600 

23900 

27600 

29700 

34200 

36100 

41600 

43100 

49700 

50700 

58500 

57900 

66800 

66700 

77000 

76200 

87900 

86200 

99500 

96900 

111800 

108200 

124900 

120200 

138700 

l  32700 

153100 

145900 

168400 

1 59700 

184300 

1 72300 

198800 

187300 

216000 

203000 

234000 

219000 

253000 

236000 

272000 

253000 

292000 

6760 
10150 
14880 
20500 
27000 
34500 
42800. 
52000 
62100 
73200 
83500 
96300 
1 09900 
124400 
1 39800 
156100 
173300 
191400 
210000 
230000 
249000 
270000 
293000 
316000 
340000 
366000 


Table  3-36 


RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 
CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (  CK  =  0.6) 


fdy  (Psi) 

44,  000 

52,  000 

60,  000 

75,  000 

o-  = 

0.25 

1.00 

0.  25 

1.  00 

0.  25 

1.00 

_ 

0.  25 

1.00 

Read  value  of  k.  Compute  =  f'c/k. 

*v  ■  o.  o 

10120 

17990 

14130 

25120 

18810 

33450 

29400 

52260 

K  -  °- 5 

4890 

8690 

7370 

13100 

9620 

17120 

K=  1-° 

gg 

3410 

6060 

3900 

6940 

4720 

K=  1-5 

1880 

2790 

4970 

Required  qfL|  qa£LS 

Depth  of  Beam  Resistance  Function  —i — p  —  (psi-sqft) 


D(in.) 

d(in. ) 

Sc  Sc 

10 

7.  75 

3670 

4340 

5010 

6260 

12 

9.50 

5520 

6520 

7520 

9400 

14 

11.50 

-8080 

9550 

11020 

13780 

16 

13.50 

11140 

13160 

15190 

18980 

18 

15.50 

14680 

17350 

20000 

25000 

20 

17.50 

18720 

22100 

25500 

31900 

22 

19.50 

23200 

27500 

31700 

39600 

24 

21. 50 

28200 

33400 

38500 

48200 

26 

23.  50 

33700 

39900 

46000 

57500 

28 

25.  50 

39700 

47000 

54200 

67700 

30 

27.  25 

45400 

53600 

61900 

77400 

32 

29.  25 

52300 

61800 

71300  , 

89100 

34 

31.  25 

59700 

70500 

81400 

101700 

36 

33.  25 

67600 

79800 

92100 

1 15200 

38 

35.  25 

75900 

89700 

103500 

129400 

40 

37.  25 

84800 

100200 

1  15600 

144500 

42 

39.25 

94100 

111300 

128400 

160500 

44 

41.25 

104000 

122900 

141800 

177200 

46 

43.  25 

1 14300 

1 35100 

1 55900 

194900 

48 

45.  25 

125100 

147900 

170600 

213000 

50 

47.  00 

1 35000 

159500 

184100 

230000 

52 

49.00 

146700 

173400 

200000 

250000 

54 

51. 00 

1 58900 

.187800 

217000 

271000 

56 

53.00 

1  71700 

203000 

2  34000 

293000 

58 

55.  00 

1 84900 

218000 

252000 

315000 

60 

57.  00 

198500 

235000 

271000 

338000 
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Table  3-37 


■  i 
_) 

RESISTANCE  FUNCTIONS  FOR  TWO-WAY  ORTHOTROPIC  REINFORCED 

CONCRETE  SLABS,  FIXED  EDGE  SUPPORTS  (c<  a  0.5)  '! 


fdy  (P8i) 

44 

000 

52,  000 

60,  000 

75,  000 

o'  .  *WtSc 

0.  25 

I.  00 

0.25 

1.00 

Read  value  of  k.  Compute  i^gc  =  f *c /k . 

4  =  o,  o 

V 

12910 

22960 

17190 

30560 

i  =  0.  5 

V 

4470 

7940 

5600 

9960 

6740 

11970 

^  B  1,0 

V 

2620 

4660 

3110 

5540 

3560 

6340 

4310 

7670 

i  =1.5 

V 

1720 

3060 

1980 

3520 

2200 

3920 

2550 

4540 

Required 
Depth  of  Beam 

.2  .2 
qf  L  q  L  „ 

Resistance  Function  ,  s  °  (psi-sq.ft) 

D(in.)  d(in. ) 

V, 

>c  5  c 

10 

7.75 

3230 

3820 

4400 

5510 

12 

9.50 

4850 

5740 

6620 

8270 

14 

11.50 

7110 

8410 

9700 

12120 

16 

13.50 

9800 

11580 

13360 

16710 

18 

15.50 

12920 

15270 

17620 

22000 

£0 

17.50 

16470 

19460 

22500 

28100 

22 

19.50 

20400 

24200 

27900 

34900 

24 

21.50 

24900 

29400 

33900 

42400 

26 

23.  50 

29700 

35100 

40500 

50600 

28 

25.50 

35000 

41300 

47700 

59600 

30 

27.  25 

39900 

47200 

54500 

68100 

32 

29.  25 

46000 

54400 

62700 

78400 

34 

31.25 

52500 

62100 

71600 

89500 

36 

33.  25 

59500 

70300 

81100 

101300 

38 

35.  25 

66800 

79000 

91100 

1  13900 

40 

37.25 

74600 

88200 

101800 

1 27200 

42 

39.25 

82800 

97900 

113000 

141200 

44 

41. 25 

91500 

108100 

124800 

1 56000 

46 

43.  25 

100600 

1  18900 

1 37200 

1 71500 

48 

45.  25 

1 10100 

1 30100 

150200 

1 87700 

50 

47.  00 

118800 

140400 

1 62000 

202000 

52 

49.  00 

129100 

1 52600 

1 76100 

220000 

54 

51.00 

139900 

165300 

1 90700 

238000 

56 

53.  00 

151 100 

1 78500 

206000 

257000 

58 

55.  00 

162700 

192300 

222000 

277000 

60 

57.  00 

1 74700 

206000 

.  i 

238000 

298000 
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The  ultimate  flexural  resistance  of  a  one-way  reinforced,  simply- 
supported  slab  is  obtained  from  Equation  3.  33.  3. 

qf  =  0.00050  rfcfdy  (-£)  (3.34.31) 

or 

*1  ■  Vo'd,  Iff  (3.  34.  32) 

where 

=  0.  00050  for  a  one-w^y  reinforced,  simply-supported 

slab 

From  Equation  3.  34.  1  it  is  apparent  that  the  ultimate  flexural 

resistance  for  any  slab  can  be  expressed  as  a  multiple  of  the  flexural 

resistance  for  the  simply- supported  one-way  slab.  While  it  would  be 

desirable  to  express  this  relationship  through  a  continuous  equation,  the 

empirical  constants  introduced  by  Equations  3.  31, 1  and  3.  34.  1  preclude  a 

completely  rational  expression.  However,  Equations  3.31.2,  3.33.10, 

3.  34.  3,  3.  34.  9,  3.  34.  15  and  3.  34,  25  can  readily  be  solved  to  obtain  numerical 

values  for  k^  .  These  values  can  be  substituted  in  Equation  3.  34.  32^ which  can 

then  be  considered  as  a  general  expression  for  the  ultimate  flexural  resistance 

of  any  reinforced  concrete  slab.  For  two-way  slabs,  however,  and  L  in 

Equation  3.  34.  32  are  replaced  by  and  L_  . 

oc  o 

The  expression  for  the  ultimate  resistance  of  a  simply-supported 
one-way  reinforced  slab  to  diagonal  tension  or  shear  compression  stresses 
can  be  obtained  from  Equation  3,  33.  5a. 


Q.-I23  d_j 

(2  +  ey  l 


1/2 


1 


+  0 


00002 i  f, 

v  dy 


y 


:  3.  34.  33) 
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By  introducing  the  constant  kgc  ,  Equation  3.  34,  33  can  be  expressed  as  a 
general  relationship  for  any  slab. 


isr.  "  (2  +  6') 


(if 


(f  i 

c  c 


1/2 


1+0 


00002  VdyJ 


where 


(3.  34.  34) 


k 


sc 


0.725  for  the  simply- supported,  one-way  reinforced 
slab 


From  Equations  3.33.12a,  3.34.5a,  3.34.10b,  3.  34.  17b  and 
3.  34.  27b  consistent  values  of  k  can  be  obtained  for  other  types  of  rein- 

3  C 

forcement  and  conditions  of  edge  restraint.  ThuB,  in  the  general  case, 

Equation  3.  34.  34  can  be  applied  to  any  slab  by  introducing  appropriate  values 

of  k  .  Again,  for  the  two-way  slab,  ji  =  jic  and  L  =  L_  . 

SC  C  o  C  3 

The  ultimate  resistance  of  a  one-way  reinforced,  simply-supported 
slab  in  "pure"  shear  is  obtained  from  Equation  3.  33,  7b. 

qy  =  0.  0367  V  (•£■)  (3.  34.  35) 


As  before,  a  general  constant  k^  can  be  introduced  into  this  equation. 


% 


k  f' 


v  c 


(3.  34.  36) 


where 


k^  =  0.0367  for  a  one-way  reinforced,  s imply- supported 

slab 

From  Equations  3.33.7b,  3.34.6  and  3.34.19,  values  of  ky  can 
be  obtained  for  other  types  of  reinforcement  and  conditions  of  edge  restraint. 
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The  form  of  the  general  expression  for  is  thus  identical  with  Equation 

3.  34.  36,  with  the  substitution  of  .appropriate  values  for  kv  .  Again,  «ic  and 

L  are  replaced  by  <4gc  and  Lg  for  two-way  reinforced  slabs.  For  convenient 

reference,  values  of  k,,  k  and  k  for  one-way  and  two-way  slabs  are 
i  s  c  y 

listed  in  Table  3-38,  together  with  values  of  for  two-way  orthotropic 
slabs. 

A  generalized  cost  equation,  whose  individual  terms  will  include 
these  coefficients,  can  now  be  written  for  a  unit  area  of  reinforced  concrete 
slab.  The  resulting  equation,  which  relates  the  total  in-place  coat  per  square 
foot  of  slab  to  the  costs  of  the  individual  material  components,  is  identical  in 
form  to  the  generalized  cost  equation  for  the  one-way  reinforced,  fixed-edge 
slab. 


C  =  C  +  C  +  C  +  C  .  +  C,  (3.33.29) 

t  C  S  V  st  f 

However,  the  generalized  expressions  for  the  individual  cost  items 
differ  somewhat  from  those  derived  for  the  one-way,  fixed-edge  slab. 

( 1)  Concrete 

The  cost  of  concrete  per  square  foot  of  slab  is  unchanged  from  the 
cost  supplied  in  Section  3.  33.  3  for  the  one-way  reinforced  slab. 


X  D 

C  =  — —  (3.33.30a) 

c  12 


From  Equation  3.  34.  32,  it  is  apparent  that  the  depth  of  a  rein¬ 
forced  slab  can  be  related  to  •&,  ,  assuming  that  the  slab  is  loaded  to  its 

o  c 

ultimate  capacity  in  flexure. 


d  = 


/■WS7 


(3.  34.  37a) 
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Listed  values  of  k,,  k  ,  and  k  for  the  orthotropic  slab  were  obtained  by  assuming  that  = 


By  assuming  that  the  d=  0.  9  D  assumption  used  for  the  one-way  slab 
cost  studies  can  also  be  extended  to  the  two-way  slab,  Equation  3.34.37a  be¬ 
comes 


D  = 


S 

in 


kf  ^Sc^dy 


(3.  34.  37b) 


Next,  Equations  3.  34.  32  and  3,  34.  34  (with  i  =  0)  can  be  solved 
simultaneously  to  obtain  an  expression  for  dgc  with  =  q 


Sc 


'  1 

.(rrp) 


(3.  34.38) 


Finally,  values  of  dgc  satisfying  Equation  3,  34.  38  can  be  substituted 
into  Equation.  3.  34.  37b.  The  resulting  expression  for  D  requires  that  q^  =  q  , 
and  is  subsequently  used  in  all  two-way  Blab  cost  terms.  The  general  cost 
factor  for  the  concrete  in  a  two-way  slab  is  identical  with  the  concrete  cost  factor 
for  the  one-way  slab.  However,  the  expressions  for  slab  depth  D  will  be 
dependent  upon  the  type  of  slab  which  is  considered. 


C 


c 


X  D 

c 

~T2~ 


(3.  33.  30a) 


(2)  Moment  Steel  Reinforcement 

The  cost  factor  for  reinforcing  steel,  per  square  foot  of  fixed-end 
one-way  reinforced  slab,  is  supplied  by  Equation  3.33.30b.  As  explained  in 
the  derivation  of  this  equation,  trial  layouts  for  reinforcing  steel  in  one-way 
slabs  were  examined  in  order  to  develop  a  relationship  between  ^Jmax.) 
and  {^(average) .  This  same  form  of  reasoning  is  applicable  to  two-way 
reinforced  slabs,  since  the  cost  of  main  reinforcing  steel  can  be  treated  as  the 
linear  sum  of  the  cost  of  the  reinforcement  in  each  of  the  two  directions.  Writing 
Equation  3.  33.  30b  for  the  L,  and  L  directions,  and  recalling  that  =  d 

o  -Lv  o  L-j 

and  C<  =  ~r~ —  ,  the  following  cost  expressions  are  obtained. 

LL 


One-Way  Cg 


X 

s 


1.  33  +  0.  278  -ji^- 
c 


i  D 

(3  34.39a) 
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Isotropic,  C 
two-way,  w 


(3.  34.  39b). 


Orthotropic,  C 
two-way  3 


(3)  Diagonal  Tension  Reinforcement 


The  expression  for  the  cost  of  diagonal  tension  reinforcement  in 
a  unit  area  of  one-way  reinforced,  fixed-edge  slab  is  supplied  as  Equation 
3.  33,  30c.  This  cost  term  is  applicable  only  if  web  reinforcement  is  provided, 
and  must  be  omitted  for  slabs  without  stirrups.  The  expression  could  readily 
be  generalized,  through  the  introduction  of  Equations  3.  34.  10b  and  3.  34.  26b, 
to  express  the  cost  of  stirrup  steel  in  fixed-edge,  two-way  reinforced,  is¬ 
otropic  and  orthotropic  slabs,.  However,  the  feasibility  of  installing  stirrup 
steel  in  a  two-way  reinforced  slab  is  questioned,  particularly  if  Btirrups  are 
to  be  specified  in  two  directions.  For  this  reason,  the  cost  studies  of  two-way 
slabs  will  assume  that  web  steel  will  not  be  provided  .  Thus  Cv  =  0  for  all 
cases  studied.  The  resistance  of  the  two-way  slab  to  a  diagonal  tension  mode  of 
failure  is  expressed  by  Equation  3.  34.  10a  for  the  isotropic  slab  and  by 
Equation  3.  34.  26a  for  the  orthotropic  slab.  Although  Cv  =  0,  the  constraint 
that  q^  mu8t  be  retained  in  the  cost  equations.  This  is  accomplished  by 

obtaining  expressions  for  or  when  q^  =  qgc>  and  substituting  these 

into  the  appropriate  expressions  for  slab  depth,  D. 


(4)  Temperature  Reinforcement 


Temperature  reinforcement  in  slabs  is  required  for  one-way  slabs 
only.  The  cost  of  temperature  reinforcing  steel  in  a  square  foot  of  slab,  how¬ 
ever,  can  be  expressed  in  general  terms.  Assuming  d=0.9Dand  =0.1, 
Equation  3.  33.  30d  expresses  the  cost  of  temperature  steel  for  one-way  rein¬ 
forced  slabs . 


C 


st 


(3.  33.  30d) 


(5)  Form  Work 

The  general  expression  for  the  forming  costs  of  one-way  slabs  is 
valid  for  all  types  of  concrete  slabs. 
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Overhead  Slab 


C{  =  k{  =  Xf  +  0, 01 2  D 


(3.  33.  30 e) 


Ground  Level  Slab 


■Cf  '  Xf 


(3.  33.  30f) 


Appropriate  expressions  for  D,  derived  for  one-way  slabs  or  for 
osotropic  or  orthotropic  slabs,  can  be  inserted  in  Equation  3.  33.  30e  or 
3.  33.  30f.  By  virtue  of  their  derivation,  these  expressions  for  D  will  include 
the  constraint  that  qf  =  q  . 

(6)  Total  Cost 

The  total  cost  per  square  foot  of  slab,  C.  ,  can  now  be  obtained  as 

I* 

the  sum  of  the  individual  cost  terms.  The  following  equations  apply  to  overhead 
slabs  with  fixed  edge  support. 

(a)  One-way  slab 

See  Equations  3.  33.  33  and  3.  33.  34. 

(b)  Two-way  isotropic  (no  web  steel) 

V.  [41]  *  D  {  ^  £-<»  ♦•»}] 


(3.34.40) 


+  Xf  +  0.012  D 


where  D  = 


3f 

f  Sc  dy 


f'  when  q ,  =  q  and  0'  =  0.25 
c  f  sc 


2.  50  Le 


hence  D  = 


— -  j 

Rlfkf  when  q£  = 


(c)  Two-way  orthotropic  (no  web  steel) 


=,  ■  [4^]*  [44-D  f  »« >  +  ^  *  P)) 

+  |xf  +  0. 120  D  (3- 34. 41) 


(3.  34.  41) 
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where  D  and 


»  3  /”*  e 


3-2o*- 

~T 

Ct* 


^gc  are  as  defined  for  Equation  3.  34,  41,  and 


(d)  Minimum  In-Place  Coats 

Minimum  in-place  costs  for  one-way  reinforced  concrete  overhead 
slabs  with  fixed  end  supports  are  supplied  in  Table  3-15.  These  are  computed 
from  Equations  3.  33.  33  and  3.  33.  34,  which  evaluate  the  in-place  costs  of  one¬ 
way  slabs,  with  and  without  web  reinforcement.  Certain  restrictions  are 
placed  on  permissible  values  of  ^c>  6^  ,  and  minimum  slab  depth,  D.  The 

cost  equations  assume  that  8'  =  0.25,  and  include  the  constraint  that  q^  =  <1BC- 
Minimum  cost  solutions,  obtained  through  use  of  an  optimization  computer 
program  with  <j>  and  f'c  treated  as  variables  within  established  limits,  are 
supplied  for  specific  clear -span  lengths  and  for  several  strengths  of  reinforcing 
steel.  Alternatively,  designs  for  one-way  slabs  can  be  prepared  with  the  aid 
of  Tables  3-12  to  3-14,  inclusive.  In-place  costs  can  then  be  computed  with 
the  aid  of  Tables  2-7  to  2-9,  inclusive,  and  Equations  3.  33.  30.  All  one-way 
slab  designs,  whether  developed  from  the  basic  design  tables  or  obtained 
directly  from  Table  3-15,  must  be  checked  for  their  resistance  to  a  "pure" 
shear  failure  mode; 

Tables  3-39  and  3-40  supply  minimum  in-place  cost  designs,  baBed 
on  Equations  3.34.40  and  3.34,41,  for  fixBd-end,  two-way  reinforced,  isotropic 
and  orthotropic  overhead  slabs,  Thus,  they  are  comparable  to  Table  3-15  for 
one-way  slabs.  However  the  tabulated  minimum  -  cost  solutions  assume  that 
web  reinforcement  will  not  be  provided  for  two-way  slabs.  As  a  consequence, 
very  large  slab  depths  are  indicated  in  Table  3-39  and  3-40  for  certain  com¬ 
binations  of  long  spans  and  large  unit  loadings.  For  these  cases,  the  diagonal 
tension  resistance  of  the  section  controls  the  design  of  the  slab.  If  such  com¬ 
binations  of  span  and  loading  must  actually  be  contemplated  in  a  practical  design 
situation,  the  use  of  some  type  of  web  reinforcement  should  definitely  be  consid¬ 
ered, 

Tables  3-39  and  3-40  include  the  assumptions  that  and 

QtO.  25.  Values  of  must  lie  within  specified  minimum  and  maximum 

limits,  and  the  total  slab  thickness  must  at  leaBt  equal  a  specified  minimum 
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value.  Repetitive  solutions,  assuming  finite  levels  of  f  and  applying 
these  to  specific  values  of  fjy,  o<  ,  and  Lg  ,  are  used  to  obtain  the  tabu¬ 
lated  minimum-cost  solutions,  For  the  orthotropic  slab  (Table  3"40),  it  is 
assumed  that  values  of  fj(  equal  to  yn  (see  Reference  39)  will  be  associated 
with  minimum  slab  costs.  Limited  investigations  during  this  study  also  sug¬ 
gest  that  the  total  cost  of  the  orthotropic  slab  is  rather  insensitive  to  the 
choice  of  fJi  when  the  constraint  that  =  qgc  is  included  in  the  cost  equation. 

Alternatively,  if  so  desired,  designs  for  isotropic  or  orthotropic 
slabs  can  be  developed  with  the  aid  of  Tables  3-16  to  3-37,  inclusive.  The 
in-place  costs  of  such  slabs  can  then  be  calculated,  using  cost  data  from 
Tables  2-7  to  2-9,  inclusive  ,  and  applying  cost  equations  3.33.30a,  3.34.39b 
or  3.  34.  39c,  and  3.  33.  30e  or  3.  33.  30f,  The  cost  of  web  reinforcement, 
if  provided,  can  be  including  by  modifying  Equation  3.  33.  30c  for  the  particular 
case  being  studied.  As  with  the  one-way  slab,  all  designs  for  two-way  slabs 
must  be  checked  to  ensure  that  their  resistance  is  adequate  in  "pure"  shear. 
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TABLE  3-39 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(.0.25^cS  -  4>.  -=r  2.  00,  =  0,  2000 =5- f  ^6000,  d  =  0.  9 

s  c  Xj  c —  v  o 

LS  q  fdy  f,c  ^Sc  D 

ft  Ok  _^ai  psi  psi  %  in. 

D> 

Ct 

$/ sq  ft 

7«o  i.o  ld: 

44000. 

3000. 

0.25 

4.5 

1.62 

— —  . . 

520C0. 

,  3000. 

0.25 

4.5 

1.63 

60000. 

3500. 

0.25 

4.5 

1.64 

. . . . — . 

... ..  75000. 

4000. 

0.25 

4.5 

1.69 

25. 

44000. 

6000. 

0.38 

5.5 

1.97 

- - . - —  . . 

.  52000. 

.  3000. 

0.25 

6.2 

1.92 

’ 

60000. 

3500. 

0.25 

5.8 

1.86 

- - - - - - - 

.  75000. 

4000. 

0.25 

5.2 

1.81 

50. 

44000. 

6000. 

0.38 

7.8 

2.43 

. . . . . . 

...  ,  52000. 

3000. 

0.25 

B.  8 

2.35 

60000. 

3500. 

0.25 

8.2 

2.27 

. . . 

75000. 

4000. 

0.25 

7.3 

2.20 

-J 

m 

• 

44000. 

6000. 

0.38 

9.6 

2.78 

52000. 

3000. 

0..2  5 
0.25 

10.8 

10.0 

2.68 

2.58 

60000. 

3500. 

- . — . . . 

......  75000. 

4000. 

0.25 

9.0 

2.50 

100. 

44000. 

6000. 

0.38 

11.0 

3.07 

- ... - - -  - - 

520C0. 

3000. 

0.25 

12.5 

2.96 

60000. 

3500. 

0.25 

11.6 

2.85 

— - -  — . 

75000. 

4000. 

0.25 

10.4 

2.75 

150. 

44000. 

6000. 

0.38 

13.5 

3.56 

•  - . -  - . 

...  52000. 

3000. 

0.25 

15.3 

3.42 

60000. 

3500. 

0.25 

14.2 

3.29 

. 

75000. 

4000. 

0.25 

12.7 

3.  17 

200. 

44000. 

6000. 

0.38 

15.6 

3.98 

. . .  .  .  _ 

52000. 

3000. 

0.25 

17.6 

3.82 

60000. 

3500. 

0.25 

16.4 

3.66 

250. 

75000 . 

4000. 

0.25 

14.7 

3.52 

440C0 . 

6000. 

0.38 

17.5 

4.34 

52000. 

3000. 

0.25 

19.7 

4.16 

60000. 

3500. 

0.25 

18. 3 

3.99 

300. 
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0.25 

16.4 
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44000. 
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0.38 
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4.67 

52000. 
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4.48 
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0.25 

18. C 
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44C0C. 
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52000. 
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0.25 

23.3 

4.76 

60000. 

3500. 

0.25 
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4.56 

750C0 . 

4000. 

0.25 

19.4 

4.38 
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TABLE  3-39  (Cont.'d) 


MINIMUM  IN- PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CCNCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.25  -«Sgc=  ^Lc< 

2.00,  i  = 

V 

0,  2000 

—  t'c  4.6000,  d  =  0. 

9  D) 

LS  q 

fdy 

*Sc 

D 

Ct 

ft  p  si 

psi 

2lL 

% 
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$/  eq  ft 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 
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75000. 

3500. 

0.25 

8.0 

2.31 

75. 

44000. 

5500. 

0.40 

10.1 

2.91 

52000. 

3000. 

0.25 

11.8 

2.83 

60000. 

3000. 

0.25 

11.0 

2.73 

75000. 

3500. 

0.25 

9.9 

2.63 

100. 

44000. 

5500. 

0.40 

11.7 

3.22 

52000. 

3000. 

0.25 

13.7 

3.13 

60000. 

3000. 

0.25 

12.7 

3.01 

75000. 

3500. 

0.25 

11.4 

2.90 

150. 

44000. 

5  500. 

0.40 

14.3 

3.75 

52000. 

3000. 

0.25 

16.7 

3.64 

60000. 

3000. 

0.25 

15.6 

3.49 

75000. 

3500. 

0.25 

13.9 

3.36 

200. 

440C0. 

5500. 

0.40 

16.5 

4.19 

52000. 

3000. 

0.25 

19.3 

4.06 

60000. 

3000. 

0.25 

18.0 

3.89 

75000. 

3500. 

0.25 

16.1 

3.74 

250. 

44000. 

5500. 

C.4C 

18.5 

4.58 

52000. 

3000. 

0.25 

21.6 

4.44 

60000. 

3000. 

0.25 

20.1 

4.25 

75000'. 

3500. 

0.25 

18.0 

4.08 

300. 

44000. 

5500. 

0.40 

20.2 

4.93 

52CC0. 

3000. 

0.25 

23.7 

4.78 

60000. 

300C. 

0.25 

22. C 

4.57 

75000. 

3500. 

0.25 

19.7 

4.38 

350. 

44CC0. 

5500. 

C.40 

21.8 

5.26 

520CC. 

3000. 

0.25 

25.6 

5.09 

6C000. 

3000. 

0.25 

23.8 

4.87 

750CC. 

3500. 

0.25 

21.3 

4.66 

3-144A 
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i 

W 

I 

I 
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l 


(.  0.  25  -  i 

sc 


25. 


"  50  . 


75. 

100. 

150. 

200. 

250. 

300. 


350 


TABLE  3-39  (Cont'd) 

:E  COSTS  FOR  OVERHEAD  FIXED-END, 
-WAY  REINFORCED  CONCRETE  SLABS 
UT  WEB  REINFORCEMENT 


2.  00,  = 

0,  2000 £ 

f'  6000 

C  — 

,  d  = 

0.  9  D) 

fdy 

V 

c 

^Sc 

D 

Ct 

psi 

psi 

% 

in. 

$/sq  ft 

44000.'” 

3500. 

0.28 

4.7 

1.66 

52000. 

3000. 

•0.25 

4.5 

1.62 

6C000. 

3000. 

0.25 

4.5 

1.63 

75000. 

3500. 

0.25 

4.5 

1.67 

44000. 

5500. 

0.43 

5.9 

2.09 

52000. 

3000. 

0.25 

7.2 

2.05 

6C000. 

3000. 

0*25 

6.7 

1.99 

75000. 

3500. 

0.25 

6.0 

1.93 

44000. 

5500. 

0.43 

8.3 

2.59 

52000, 

3000. 

0.25 

10.1 

2.54 

60000. 

3000. 

0.25 

9.4 

2.45 

75000. 

3500. 

0.25 

8.4 

2.37 

44000. 

5500. 

.0.43 

10.2 

2.98 

52000. 

3000. 

0.25 

12.4 

2.91 

60000. 

3000. 

0.25 

11.5 

2.80 

75000. 

3500. 

0.25 

10.3 

2.70 

44000. 

5500. 

0.43 

11.8 

3.30 

52000. 

3000. 

0.25 

14.3 

3.22 

60000. 

3000. 

0.25 

13.3 

3.10 

75000. 

3500. 

0.25 

11.9 

2.98 

44000. 

5500. 

0.43 

14.5 

3.85 

52000. 

3000. 

0.25 

17.5 

3.75 

60000. 

3000. 

0.25 

16.3 

3.59 

75000. 

3500. 

0.25 

14.6 

3.45 

44000. 

5500. 

0.43 

16.7 

4.31 

52000. 

3000. 

0.25 

20.2 

4.19 

6COCO. 

3000. 

0.25 

18.9 

4.01 

75000. 

3500. 

0„25 

16.9 

3.85 

44000. 

5500. 

0.43 

18.7 

4.71 

52000. 

3000. 

0.25 

22.6 

4.58 

60000. 

3000. 

0.25 

21.1 

4.38 

7  5  0  0  O'. 

3500. 

0.25 

18.9 

4. 20 

44000. 

5500. 

0.43 

20.4 

5.08 

52C0C. 

3000. 

C  .25 

24.8 

4.94 

60000. 

3000. 

0.25 

23.1 

4.72 

75000. 

3500. 

0.25 

20.6 

4.52 

44000. 

5500. 

0.43 

22.1 

5.41 

52000. 

3000. 

0.25 

26.  8 

5.26 

60000. 

3000. 

0.25 

24.9 

5.03 

750C0. 

3500. 

0.25 

22.3 

4.81 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


{.  0.  25  5 

i 

sc  <Lc 

■«:  2,00)  6 
—  v 

=  0,  2000 

VI 

u 

vm 

VI 

6000,  d  = 

0.9  D) 

Ls 

q 

% 

f» 

C 

^Sc 

D 

Ct 

ft  C3< 

psi 

psi 

psi 

% 

in. 

$/8q  ft 

7.0  0.6 

10. 

440C0.-" 

3500. 

0.29 

4.7 

.  1.69 

. . . . .  ,  . . 

520C0. 

3000, 

0..25 

4.7 

1.65 

60000. 

3000. 

0.25 

4.5 

1.62 

. . . .  . 

7  5  0  C  0  • 

3500. 

0.25 

4.5 

1.67 

25. 

44000. 

5000. 

0.42 

6.3 

2.14 

. . .  .  . . . 

52000. 

6000. 

0.36 

6.2 

2.09 

60000. 

3000. 

0.25 

7.0 

2.03 

. , . . 

..  75000. 

3500. 

0.25 

6.2 

1.97 

50. 

44000. 

5000. 

0.42 

0.9 

2.66 

_  ..  . . .  r  ..  , 

...  520C0. 

6000. 

0.36 

8.8 

2.60 

60000. 

3000. 

0.25 

9.9 

2.51 

. . .  .  ... 

75000. 

3500. 

0.25 

8.8 

2.42 

75. 

44CC0. 

5000. 

0.42 

10.9 

3.05 

. . 

52000. 

6000. 

0.36 

10.8 

2.98 

60000. 

3000. 

0.25 

12.1 

2.88 

. .  .... 

75000. 

3500. 

0.25 

10.8 

2.77 

100. 

44000. 

5000. 

0.42 

12.6 

3.39 

. .  . 

52000. 

6000. 

0.36 

12.5 

3.31 

60000. 

3000. 

0.25 

14.0 

3.18 

.  . . 

75000. 

3500. 

0.25 

12.5 

3.06 

150. 

44000. 

5000. 

0.42 

15.4 

3.96 

52000. 

6000. 

0.36 

15.3 

3.85 

60000. 

3000. 

0.25 

17.1 

3.70 

75000. 

3500. 

0.25 

15.3 

3.55 

200. 

44000. 

5000. 

0.42 

17.8 

4.43 

52000. 

6000. 

0.36 

17.6 

4.31 

6000C. 

3000. 

0.25 

19.7 

4.14 

7500C. 

3500. 

0.25 

17.7 

3.97 

250. 

44000. 

5000. 

0.42 

19.9 

4.85 

52000. 

6000. 

0.36 

19.7 

4.72 

600QCI. 

3000. 

0.25 

22.1 

4.52 

750001 

3500. 

0.25 

19.7 

4.33 

300. 

440C0. 

5000. 

0.42 

21.8 

5.23 

520CC. 

6C00. 

0.36 

21.6 

5.09 

60000. 

3000. 

0.25 

24.2 

4.87 

75000. 

3500. 

0.25 

21.6 

4.66 

350. 

44000. 

5000. 

0.42 

23.5 

5.58 

52000. 

6000. 

0.36 

23.3 

5.42 

600CC. 

3000. 

0.25 

26.1 

5.19 

750CC. 

3500. 

0.25 

23.4 

4.97 
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TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.2  5— 

6  = 
sc  Lc 

—  2.  00,  i 

V 

=  0,  2000 

S.f 

6000,  d  = 

0,  9  D) 

LS 

q 

fdy 

f’ 

C 

^Sc 

D 

Ct 

ft  C*N 

psi 

pai 

_E£L. 

% 

in. 

$/sq  ft 

10.5  1.0 

10. 

~  44000. . 

2500.”' 

. 0.25 

6.4 

1.89 

52000. 

2500. 

0.25 

5.9 

1.82 

60000. 

2500. 

0.25 

5.5 

1.77 

75000. 

3000. 

0.25 

4.9 

1.72 

25. 

44000. 

2500. 

0.25 

10.2 

2.47 

52000. 

2500. 

0.25 

9.3 

2.37 

60000. 

2500. 

0.25 

8.7 

. 2.29  "" 

75000. 

3000. 

0.25 

7.8 

2.21 

50. 

44000. 

2500. 

0.25 

14.4 

3.13  " 

52000. 

2500. 

0.25 

13.2 

2.99 

60000. 

2500. 

0.25 

12.3 

2.87 

75000. 

3000. 

0.25 

11.0 

2.76 

75. 

44000. 

2500. 

0.25 

17.6 

3.64 

52000. 

2500. 

0.25 

16.2 

3.46 

6C00C. 

2500. 

0.25 

15.1 

3.32 

75000. 

3000. 

0.25 

13.5 

3.19 

100. 

44000. 

2500. 

0.25 

20.3 

4.07  * 

52000. 

2500. 

0.25 

18.7 

3.86 

60000. 

2500. 

0.25 

17.4 

3.70 

75000. 

3000. 

0.25 

15.6 

3.54 

150. 

44000. 

2500. 

0.25 

24.9 

4.78 

_ 

52000. 

2500. 

C.25 

22.9 

4.53 

60000. 

2500. 

0.25 

21.3 

4„  33 

. . . 

75000. 

3000. 

0.25 

19.1 

4.14 

200. 

44000. 

2500. 

0.25 

28.7 

5.39 

52000. 

2500. 

0.25 

26.4 

5.09 

60000 . 

2500. 

0.25 

24.6 

4.86 

75000. 

3000. 

0.25 

22.0 

4.64 

250. 

44000. 

2500. 

0.25 

32.1 

5.92 

52000. 

2500. 

0.25 

29.5 

5.59 

600CO. 

2  500. 

0.25 

27.5 

5.33 

. . . 

7  5  0  C  0  .' 

3000. 

0.25 

24.6 

5.09 

300. 

44000. 

2500. 

0.25 

35.2 

6.40 

52000. 

2500. 

0.25 

32.4 

6.04 

60000. 

2500. 

0.25 

30.1 

5.76 

75000. 

3000. 

0.25 

26.9 

5.49 

350. 

44CC0. 

2500. 

0.25 

38.0 

6.84 

52000. 

2500. 

0.25 

35.0 

6.45 

6000C . 

2500. 

0.25 

32.5 

6.15 

75000. 

3000. 

0.25 

29.1 

5.86 
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TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ISOTROPIC  TWO-V/AY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


{ 

.  0.  2S  —  =  — 

2.  00.  «Sv  = 

0,  2000 ^ 

f1  «r  6000 

c  — 

i,  d  =  0, 

.  9  D) 

Ls 

q 

fdy 

V 

c 

«sc 

Sc 

D 

Ct 

ft _ 

C*.  p  si 

psi 

psi 

% 

in. 

$/sq  ft 

10.5 

0.9  10. 

44000. 

5500. 

0.38 

5.5 

1.93 

52000. 

2500. 

0.25 

6.2 

1.86 

60000. 

2500. 

0.25 

5.8 

1.81 

— . . 

_  .  , 

75000. 

3000. 

0.25 

5.2 

1.76 

25. 

44000. 

5500. 

0.38 

8.7 

2.54 

_ _ _ .. 

... . . . . . . . 

52000. 

2500. 

0.25 

9.8 

2.43 

6C000. 

2500. 

0.25 

9.1 

2.35 

_ _ _ .... 

_ _ _  ,  . . 

75000. 

3000. 

0.25 

8.2 

2.27 

50. 

44000. 

5500. 

0.3fl 

12.3 

3.23 

_ _ 

52000. 

2500. 

0.25 

13.8 

3.08 

60000. 

2500. 

0.25 

12.9 

2.96 

. .  . . 

75000. 

3000. 

0.25 

11.5 

2.84 

75. 

44000. 

5500. 

0.38 

15.0 

3.75 

,  . - 

_ ............... _ 

520C0. 

2500. 

0.25 

17.0 

3.57 

6C0C0. 

2500. 

0.25 

15.8 

3.42 

_ 

. . 

75000. 

3000. 

0.25 

14.1 

3.28 

100. 

44000. 

5500. 

0.38 

17.4 

4.20 

_ _ _ _ 

52000. 

2500. 

0.25 

19.6 

3.99 

60000. 

2500. 

0.25 

18.2 

3.81 

.  .  ....  _ _ 

_ _  ..  „ . .  .  . 

75000. 

3000. 

0.25 

16.3 

3.65 

150. 

44000. 

5500. 

0.38 

21.3 

4.94 

_  ... 

52000. 

2500. 

0.25 

24.0 

4.68 

60000. 

2500. 

0.25 

22.3 

4.47 

...  . 

75000. 

3000. 

0.25 

20.0 

4.28 

200. 

44000. 

5500. 

0.38 

24.6 

5.57 

52000. 

2500. 

0.25 

27.7 

5.27 

60000. 

2500. 

0.25 

25.8 

5.03 

75000. 

3000. 

0.25 

23.1 

4.80 

250. 

440C0. 

5500. 

0.38 

27.5 

6.12 

52000. 

2500. 

0.25 

31.0 

5.79 

600C0. 

2500. 

0.25 

28.8 

5.52 

7500C. 

300C. 

0.25 

25.8 

5.26 

300. 

440CC. 

5500. 

0.38 

30.1 

6.63 

52000. 

2500. 

0.25 

33.9 

6.26 

6C0CO. 

2500. 

0.25 

31.6 

5.96 

75000. 

3000. 

0.25 

28.2 

5. 68 

350. 

44000. 

5500. 

0.38 

32.5 

7.09 

520  00 . 

2500. 

0.25 

36.6 

6.69 

600C0. 

2500. 

0.25 

34.1 

6.37 

750C0. 

300C. 

C  .25 

30.5 

6.07 
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TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0.  25  -  <t>  =  «5T  - 

'  ~  sc  Lc  — 

2.  00,  i  = 

0,  2000 

5f'  5 

c 

6000,  d  = 

0.  9  D) 

L„ 

s  q 

fdy 

f’ 

C 

^Sc 

D 

Ct 

ft _  c<  psi 

jsi 

QL 

tV 

in. 

$/sa  ft 

10.9  0.8  10. 

44000. 

5500. 

0.40 

5.5 

1.96 

52000. 

2500. 

0.25 

6.5 

1.90 

60000. 

2500. 

0.25 

6.0 

1.85 

75000. 

3000. 

0.25 

5.4 

1.79 

25. 

44000. 

5500. 

0.40 

8.8 

2.59 

52000. 

2500. 

0.25 

10.3 

2.50 

60000. 

2500. 

0.25 

9.5 

2.41 

75000. 

3000. 

0.25 

8.5 

2.32 

50. 

44000. 

5500. 

0.40 

12.4 

3.30 

52000. 

2500. 

0.25 

14.5 

3.17 

60000. 

2500. 

0.25 

13.5 

3.04 

75000. 

3000. 

0.25 

12.1 

2.92 

75. 

44000. 

5500. 

0.40 

15.2 

3.85 

52000. 

2500. 

0.25 

17.8 

3.68 

60000. 

2500. 

0.25 

16.5 

3.53 

75000. 

3000. 

0.25 

14.8 

3.38 

100. 

44000. 

5500. 

0.40 

17.5 

4.31 

52000. 

2500. 

0.25 

20.5 

4.12 

60000. 

2500. 

0.25 

19.1 

3.93 

75000. 

3000. 

0.25 

17.1 

3.77 

150. 

44000. 

5500. 

0.40 

21.5 

5.08 

52000. 

2500. 

0.25 

25.1 

4.84 

60000. 

2500. 

0.25 

23.4 

4.62 

75000. 

3000. 

0.25 

20.9 

4.41 

200. 

44000. 

5500. 

0.40 

24.8 

5.73 

52000. 

2500. 

0.25 

29.0 

5.46 

60000. 

2500. 

0.25 

27.0 

5.20 

75000. 

3000. 

0.25 

24.1 

4.96 

250. 

44000. 

5500. 

0.40 

27.7 

6.30 

52000. 

2500. 

0.25 

32.4 

6.00 

60000. 

2500. 

0.25 

30.2 

5.71 

75000; 

3000. 

0.25 

27.0 

5.44 

300. 

44000. 

5500. 

0.40 

30.3 

6.82 

52000. 

2500. 

0.25 

35.5 

6.48 

60000. 

2500. 

0.25 

33.1 

6.17 

75000. 

3000. 

0.25 

29.6 

5.88 

350. 

44000. 

5500. 

0.40 

32.8 

7.30 

52000,. 

2500. 

0.25 

38.4 

6.93 

60000. 

2500. 

0.25 

35.7 

6.59 

750C0. 

3000. 

0.25 

31.9 

6.28 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END  , 
ISOTROPIC  TWO=  WAY  REINFORCED  CONCRETE  SLABS  , 
WITHOUT  WEB  REINFORCEMENT 


2.00,  i>  = 

V 

0,  2000 

f*  —  6000,  d  =  0. 

c 

9  D) 

Ls 

q 

fdy 

f» 

C 

^Sc 

D 

Ct 

ft 

-B*1 

psi 

psi 

% 

in. 

$/ oq  ft 

10.5 

0.7 .  10.  " 

44000. 

~ 5000. 

0.40 

5.9 

2.00 

52000. 

2500. 

0.25 

6.8 

1.95 

6COOO. 

2500. 

0.25 

6.3 

1.89 

75000. 

300C. 

0.25 

5.7 

1.83 

25. 

44000. 

5000. 

0.40 

9.3 

2.66 

52000. 

2500. 

0.25 

10.7 

2.57 

60000. 

2500. 

0.25 

10.0 

2.47 

75000. 

3000. 

0.25 

8.9 

2.38 

50. 

44000. 

5000. 

0.40 

13.1 

3.39 

52000. 

2500. 

0.25 

15.2 

3.26 

60000. 

2500. 

0.25 

14.1 

3.13 

75000. 

3000. 

0.25 

12.6 

3.00 

75. 

44000. 

5000. 

0.40 

16.1 

3.95 

52000. 

2500. 

0.25 

18.6 

3.80 

60000. 

2500. 

0.25 

17.3 

3.63 

75000. 

3000. 

0.25 

15.5 

3.48 

100. 

44000. 

5000. 

0.40 

18.6 

4.43 

52000. 

2500. 

0.25 

21.5 

4.25 

60000. 

2500. 

0.25 

20.0 

4.06 

75000. 

3000. 

0.25 

17.9 

3.88 

150. 

440CC. 

5000. 

0.40 

22.7 

5.23 

52000. 

2500. 

0.25 

26.3 

5.01 

60000. 

2500. 

0.25 

24.5 

4.78 

75000. 

3000. 

0.25 

21.9 

4.56 

200. 

440C0. 

5000. 

0.40 

26.3 

5.90 

520C0. 

2500. 

0.25 

30.4 

5.65 

60000. 

2500. 

0.25 

28.3 

5.38 

75000. 

3000. 

0.25 

25.3 

5.13 

250. 

44000. 

5000. 

0.40 

29.4 

6.49 

520C0. 

2500. 

0.25 

34.0 

6.21 

60000. 

2500. 

0.25 

31.6 

5.91 

75000'. 

3C00. 

0.25 

28.3 

5.63 

300. 

44000. 

5000. 

0.40 

32.2 

7.03 

52000. 

2500. 

0.25 

37.2 

6.72 

60000. 

2500. 

0.25 

34.6 

6.39 

750C0. 

3000. 

0.25 

31.0 

6.08 

350. 

44000. 

5000. 

0.40 

34.7 

7.52 

520C0. 

2500. 

0.25 

40.2 

7.19 

600C0. 

2500. 

0.25 

37.4 

6.  83 

75000. 

300C. 

C  .25 

33.5 

6.50 

i 

i 
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TALBE  3-39  (Cont'd) 


MINIMUM  IN-PLA.CE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.25<d  =  «S 

sc 

.  <_2.00,  6 
Lc —  v 

=  0,  2000. 

<fl  < 
C 

.6000,  d  = 

0.  9  D) 

Ls 

q 

f  dy 

V 

c 

^Sc 

D 

Ct 

ft 

OC  psi 

_£Si_ 

psi 

% 

u* 

m 

</* 

10.5 

"0.6' . 10. 

44000.  ' 

5000. 

0.42 

6.0 

2.04 

520C0. 

2500. 

0.25 

7.1 

1.99 

60000. 

2500. 

0.25 

6.6 

1.93 

75000. 

3000. 

0.25 

5.9 

1.87 

25. 

44000. 

5000. 

0.42 

9.4 

2.72 

5200C. 

2500. 

0.25 

11.2 

2.64 

60000. 

2500. 

0.25 

10.5 

2.54 

750CC. 

3000. 

0.25 

9.4 

2.44 

50. 

44000. 

5000. 

0.42 

13.3 

3.48 

52000. 

2500. 

0.25 

15.9 

3.36 

60000. 

2500. 

0.25 

14.8 

3.22 

750C0. 

3000. 

0.25 

13.2 

3.09 

75. 

44000. 

5000. 

0.42 

16.3 

4.07 

52000. 

2500. 

0.25 

19.5 

3.92 

600G0. 

2500. 

0.25 

18.1 

3.75 

75000. 

3000. 

0.25 

16.2 

3.59 

100. 

44000. 

5000. 

0.42 

18.8 

4.56 

52000. 

2500. 

0.25 

22.5 

4.39 

60000. 

2500. 

0.25 

20.9 

4.19 

75000. 

3000. 

0.25 

18.7 

4-00 

150. 

44000. 

5000. 

0.42 

23.1 

5.39 

52000. 

2500. 

0.25 

27.5 

5.18 

60000. 

2500. 

0.25 

25.6 

4.94 

75000. 

3000. 

0.25 

22.9 

4.71 

200. 

44000. 

5000. 

0.42 

26.7 

6.08 

52000. 

2500. 

0.25 

31.8 

5.85 

60C00. 

2500. 

0.25 

29.6 

5.56 

75000. 

3000. 

0.25 

26.5 

5.30 

250. 

440C0. 

5000. 

0.42 

29.8 

6.70 

52000. 

2500. 

0.25 

35.6 

6.43 

60000. 

2500. 

0.25 

33.1 

6.  12 

75000; 

3000. 

€.25 

29.6 

5.82 

300. 

44000. 

5000. 

0.42 

32.6 

7.25 

52000. 

2500. 

0.25 

39.0 

6.96 

60000. 

2500. 

0.25 

36.3 

6.61 

75000. 

3000. 

0.25 

32.4 

6.29 

350. 

44000. 

5000. 

0.42 

35.3 

7.76 

52000. 

2500. 

0.25 

42.1 

7.45 

60000. 

2500. 

0.25 

39.2 

7.07 

75000. 

3000. 

0.25 

35.0 

6.73 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0,  25  3 

<b  =  jL  •* 
sc  Lc _ 

2.  00,  <b  = 

V 

0,  2000 

^  C 

6000,  d  = 

0.9  D) 

LS 

q 

fdy 

ff 

C 

^Sc 

D 

Ct 

ft  ex. 

psi 

psi 

% 

in. 

$/ sq  ft 

14.0  1.0 

10. 

44000. 

2000.' 

0.25 

8.6 

2.19 

520C0. 

2000. 

0.25 

7.9 

2.10 

60000. 

2500. 

0.25 

7.3 

2.03 

75000. 

3000. 

0.25 

6.6 

1.97 

25. 

44000. 

2000. 

0.25 

13.5 

2.95 

52000. 

2000. 

0.25 

12.5 

2.81 

60000. 

2500. 

0.25 

11.6 

2.70 

75000. 

3000. 

0.25 

10.4 

2.60 

50. 

44000. 

2000. 

0.25 

19.1 

3.81 

52000. 

2000. 

0.25 

17.6 

3.61 

6000C. 

2500. 

0.25 

16.4 

3.46 

75000. 

3000. 

0.25 

14.7 

3.31 

75. 

44000. 

2000. 

0.25 

23.5 

4.46  ~ 

52000. 

2000. 

0.25 

21.6 

4.23 

60000. 

25C0. 

0.25 

"20.1 

4.04 

750C0. 

3000. 

0.25 

18.0 

3.86 

100. 

44000. 

2000. 

0.25 

27.1 

5.02  " 

_ _ _ 

_ _ 

52000. 

2000. 

0.25 

24.9 

4.75 

60000. 

2500. 

0.25 

23.2 

4.53 

75000. 

3000. 

0.25 

20.7 

4.32 

150« 

44000. 

2000. 

0.25 

33.2 

5.95 

_ _ _ _  ,  . .  _ 

52000. 

2000. 

0.25 

30.5 

5.61 

600C0. 

2500. 

0.25 

28.4 

5.34 

. . 

75000. 

3000. 

0.25 

25.4 

5.09 

200. 

44000. 

2000. 

0.25 

38.3 

6.73 

_ _ _  _ 

5200C. 

2000. 

0.25 

35.2 

6.35 

60000. 

2500. 

0.25 

32.8 

6.04 

_ _  ...  . 

7500C. 

3000. 

0.25 

29.3 

5.74 

250. 

4400C. 

2C0C. 

0.25 

42.8 

7.42 

_ _  _ 

52000. 

2000. 

0.25 

39.4 

6.99 

6Q0C0. 

2  500. 

0.25 

36.7 

6.64 

...  _ _  _  .  . 

75QC0; 

3000. 

0.25 

32.8 

6.32 

300. 

440C0. 

2000. 

0.25 

46.9 

8.05 

52000. 

2000. 

0.25 

43.1 

7.50 

60000. 

2500. 

0.25 

40.2 

7.19 

75000. 

3000. 

0.25 

35.9 

6.84 

350. 

44000. 

2000. 

0.25 

50.7 

8.62 

52000. 

2000. 

0.25 

46.6 

8.11 

6C0CC. 

2500. 

0.25 

43.4 

7.70 

750  CO . 

3000. 

C.25 

38.8 

7.31 
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TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0. 25  —  -  ^Lc  — 

2.00,  i 

V 

=  o,  2000  «  f 

6000, 

C  “ 

d  =  0. 

9  ) 

Ls  q 

fdy 

V 

c 

^Sc 

D 

Ct 

ft  ©4,  psi 

psi 

JEiL 

% 

in. 

$/sq  ft 

14.0  0.9  W. 

'44000.” 

'2000. 

0.25 

9.0 

2.25 

52000. 

2000. 

0.25 

8.3 

2.16 

60000. 

2500. 

0.25 

7.7 

2.08 

75000. 

2500. 

0.25 

6.9 

2.01 

25. 

44000. 

2000. 

0.25 

14.2 

3.04 

52000. 

2000. 

0.25 

13.1 

2.90 

60000. 

2500. 

0.25 

12.2 

2.78 

75000. 

2500. 

0.25 

10.9 

2.67 

50. 

44000. 

2000. 

0.25 

20.1 

3.93 

52000. 

2000. 

0.25 

18.5 

3.73 

60000. 

2500. 

0.25 

17.2 

3.57 

75000. 

2500. 

0.25 

15.4 

3.41 

75. 

44000. 

2000. 

0.25 

24.6 

4.62 

52000. 

2000. 

0.25 

22.6 

4.37 

60000. 

2500. 

0.25 

21.1 

4.17 

75000. 

2500. 

0.25 

18.6 

3.98 

ICO. 

44000. 

2000. 

0.25 

28.4 

5.20 

52000. 

2000. 

0.25 

26.1 

4.91 

60000. 

2500. 

0.25 

24.3 

4.68 

75000. 

2500. 

0.25 

21.7 

4.46 

150. 

44000. 

2000. 

0.25 

34.8 

6.17 

52000. 

2000. 

0.25 

32.0 

5.82 

60000. 

2500. 

0.25 

29.8 

5.54 

75000. 

2500. 

0.25 

26.6 

5.27 

200. 

44000. 

2000. 

0.25 

40.1 

6.99 

520CG. 

2000. 

0.25 

36.9 

6.58 

60000. 

2500. 

0.25 

34.4 

6.26 

75000. 

2  500. 

0.25 

30.7 

5.95 

250. 

440C0. 

2000. 

0.25 

44.9 

7.71 

520CC. 

2000. 

0.25 

41.3 

7.26 

60000. 

2500. 

0.25 

38.4 

6.90 

750C0i 

2500. 

0.25 

34.4 

6.55 

300. 

44000. 

2000. 

0.25 

49.2 

8.36 

520CO. 

2000. 

0.25 

45.2 

7.86 

60000. 

2500. 

0.25 

42.1 

7.47 

75000. 

2500. 

0.25 

37.7 

7.09 

350. 

44000. 

2000. 

0.25 

53.1 

8.96 

520CC1. 

2000. 

0.25 

48.9 

8.42 

60000. 

2500. 

0.25 

45.5 

8.00 

75000. 

2500. 

0.25 

40.7 

7.58 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLA.CE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.25  ±igc  =  «iLcS 

2.00,  &  = 
V 

0,  2000 

f*  -«•  6000,  d  =  0.  9  D) 

S  q 

fdy 

V 

c 

**Sc 

D 

Ct 

ft  ©<*.  psi 

pai 

£®i_ 

% 

in. 

4/J- 

00 

■Q 

14t0  0 • 8  10 • 

44000. ~ 

‘ 2000. 

0.25 

. . 9.4 

2.30 

52000. 

2000. 

0.25 

6.6 

2.21 

60000. 

2000. 

0.25 

8.0 

2.13 

750CO. 

2500. 

0.25 

7.2 

2.06 

25. 

44000. 

2000. 

0.25 

14.9 

3.13 

520C0. 

2000. 

0.25 

13.7 

2.98 

600C0. 

2000. 

0.25 

12.7 

2.86 

.75000. 

2500. 

0.25 

11.4 

2.  75 

50. 

44000. 

2000. 

'  0.25 

.  21.0 

4.07 

52000. 

2000. 

0.25 

19.3 

3.8? 

60000. 

2000. 

0.25 

18.0 

3.68 

_ _ 

75000. 

2500. 

0.25 

16.1 

3.52 

75. 

44000. 

2000. 

0.25 

25.7 

4.78 

■  ■  --  ...  , 

.52000. 

2000. 

0.25 

23.7 

4.52 

60000. 

2000. 

0.25 

22.0 

4.31 

_ _ 

75000. 

2500. 

0.25 

19.7 

4.11 

100. 

44000. 

2000. 

0.25 

29.7 

5.38 

52000. 

2000. 

0.25 

27.3 

5.08 

60000. 

2000. 

0.25 

25.5 

4.84 

__ _ _ 

75000. 

2500. 

0.25 

22.8 

4.61 

150. 

44000. 

2000. 

0.25 

36.4 

6.40 

. . . . 

52000. 

2000. 

0.25 

33.5 

6.03 

6G000. 

2000. 

0.25 

31.2 

5.74 

75000. 

2500. 

0.25 

27.9 

5.45 

200. 

44000. 

2000. 

0.25 

42.0 

7.25 

52000. 

2000. 

0.25 

38.7 

6.  82 

60000. 

2000. 

0.25 

36.0 

6.49 

__  . 

75000. 

2500. 

0.25 

32.2 

6.16 

250. 

44000. 

2000. 

0.25 

47.0 

8.00 

.  .  _  . . 

52000. 

2000. 

0.25 

43.2 

7.52 

600  CO* 

2000. 

0.25 

4C.2 

7.15 

....  ..  . 

75000. 

2500. 

0.25 

36.0 

6.78 

300. 

44000. 

2000. 

0.25 

51.5 

8.68 

520CC . 

2000. 

0.25 

47.4 

8.16 

60000. 

2000. 

0.25 

44.1 

7.75 

750C0. 

2500. 

0.25 

39.4 

7.34 

350. 

440CO. 

2000. 

0.25 

55.6 

9.31 

520CO. 

2000. 

0.25 

51.2 

8.74 

600  GO . 

2000. 

0.25 

47.6  " 

8.30 

750CO. 

2500. 

0.25 

42.6 

7.86 
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TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPTIC  TWO-WAY  REINFORCED  CCN  CRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.25  = 

<t>  =  <iT 

sc  Lc 

2.00,  <£  = 
V 

0,  2000  S 

f'  S 

C 

6000,  d  =  0. 

9  D) 

LS 

q 

f  dy 

f’ 

C 

^Sc 

D 

Ct 

ft _  oC 

psi 

pai 

% 

in. 

$/sq  fl 

14.0  0.7 

10. 

44000. 

5000. 

0.40 

7.8 

2.36 

52000. 

2000. 

0.25 

9.1 

2.26 

» 

60000. 

2000. 

0.25 

8.4 

2.19 

75000. 

2500. 

0.25 

7.5 

2.11 

25. 

44000. 

5000. 

0.40 

12.4 

3.22 

52000. 

2000. 

0.25 

14.3 

3.07 

60000. 

2000. 

0.25 

13.3 

2.94 

75000. 

2500. 

0.25 

11.9 

2.82 

50.  .. 

44000. 

5000. 

0.40 

17.5 

4.19 

52000. 

2000. 

0.25 

20.2 

3.98 

60000. 

2000. 

0.25 

18.9 

3.80 

75000. 

2500.. 

0.25 

16.9 

3.63 

75. 

44000. 

5000. 

0.40 

21.4 

4.93 

52000. 

2000. 

0.25 

24.8 

4.67 

60000. 

2000. 

0.25 

23.1 

4.46 

75000. 

2500. 

0.25 

20.6 

4.24 

100. 

44000. 

5000. 

0.40 

24.8 

5.56 

52000. 

2000. 

0.25 

28.6 

5.26 

* 

60000. 

2000. 

0.25 

26.7 

5.01 

75000. 

2500. 

0.25 

23.8 

4.76 

150. 

44000. 

5000. 

0.40 

30.3 

.  6.61 

52000. 

2000. 

0.25 

35.1 

6.24 

60000. 

2000. 

C.25 

32.6 

5.94 

75000. 

2500. 

0.25 

29.2 

5.64 

200. 

44000. 

5000. 

0.40 

35.0 

7.49 

52000. 

2000. 

0.25 

40.5 

7.07 

60000. 

2000. 

0.25 

37.  I 

6.72 

75000. 

2500. 

0.25 

33.7 

6.37 

250. 

44000. 

5000. 

0.40 

39.1 

8.27 

52000. 

2000. 

0.25 

45.3 

7.80 

6C000 . 

2000. 

0.25 

42.1 

7.41 

75000. 

2500. 

0.25 

37.7 

7.02 

300. 

44000. 

5000. 

0.40 

42.9 

8.98 

52000. 

2000. 

0.25 

49.6 

8.46 

60000. 

2000. 

0.25 

46.2 

8.03 

75000. 

2500. 

0.25 

41.3 

7.61 

350. 

44000. 

5000. 

0.40 

46.3 

9.63 

52000. 

2000. 

0.25 

53.6 

9.07 

60000. 

2000. 

0.25 

49.9 

8.60 

_ _  ....... 

75000. 

2500. 

0.25 

44.6 

8.15 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED  -  END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(.  0,  25  =  <£LcJ^.2. 00,  civ  =  0,  2000  ^.f'c  ^16000,  d  =  0.  9  D  ) 


LS  . 

ft _  oC 

q 

psi 

dy 

P.i1,, 

V 

c 

iSc 

% 

D 

in. 

Ct 

$/sq  ft 

14.0  0.6 

10. 

440C0. 

5000. 

0.42 

7.9” 

2.41  1 

52000. 

2000. 

0.25 

9.5 

2.32 

60000. 

2000. 

0.25 

8.8 

2.24 

. . 

75000. 

2500. 

0.25 

7.9 

2.16 

• 

in 

CM 

44000. 

5000. 

0.42 

12.6 

3.30 

_ _ _ 

52000. 

2000. 

0.25 

15.0 

,3.16 

60000. 

2000. 

0.25 

14.0 

3.03 

_ 

75000. 

2500. 

0.25 

12.5 

2.90 

50. 

44000. 

5000. 

0.42 

17.8 

4.31 

52000. 

2000. 

C.25 

21.2 

4.11 

60000 . 

2000. 

0.25 

19.7 

3.92 

75000. 

2500. 

0.25 

17.7 

3.74 

75. 

4400C. 

5000. 

0.42 

21.8 

5.08 

52000. 

2000. 

0.25 

26.0 

4.83 

60000. 

2000. 

0.25 

24.2 

4.  60 

75000. 

2500. 

0.25 

21.6 

4.38 

100. 

44000. 

5000. 

0.42 

25.1 

5.73 

52000. 

2000. 

0.25 

30.0 

5.44 

60000. 

2000. 

0.25 

27.9 

5.18 

75000. 

2500  • 

0.25 

25.0 

4.92 

150. 

44000. 

5000. 

0.42 

30.8 

6.82 

52000. 

2000. 

0.25 

36.7 

6.47 

6C000. 

2000. 

0.25 

34.2 

6.15 

750C0. 

2500. 

0.25 

30.6 

5.83 

ZOO. 

44000. 

5000. 

0.42 

35.5 

7.73 

520C0. 

2000. 

0.25 

42.4 

7.33 

60000. 

2000. 

0.25 

39.5 

6.96 

750C0 • 

2500. 

0.25 

35.3 

6.60 

250. 

44000. 

5000. 

0.42 

39.7 

8.54 

52000. 

2000. 

0.25 

47.4 

8.09 

60000. 

2000. 

0.25 

44.1 

7.68 

75000. 

2500. 

0.25 

39.5 

7.27 

300. 

44000. 

5000. 

0.42 

43.5 

9,28 

52000. 

2000. 

0.25 

51.9 

8.78 

6C000. 

2000. 

0.25 

48.4 

8.33 

75000. 

2500. 

0.25 

43.2 

7.88 

350. 

44000. 

5000. 

0.42 

47.0 

9.95 

52000. 

2000. 

0.25 

56.1 

9.41 

60000. 

2000. 

0.25 

52.2 

8.92 

7  5  0  C  0  . 

2500. 

0.25 

46.7 

8.44 

3-156A 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED -END, 
ISOTROPIC  TWO-WAV  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0.  25^  4  =  i. 

SC  XjC 

2.00,  i  = 

V 

0,  2000j£f'  ^6000,  d  =  0. 
c 

9  D) 

Ls 

<1 

fdy 

v 

C 

*Sc 

D 

Ct 

ft _  o<. 

psi 

psi 

.EiL 

% 

in. 

$/sq  ft 

17.5  1.0 

10. 

44000. 

2000. 

0.25 

10^7 

2.49 

52000. 

2000. 

0.25 

9.8 

2.38 

60000. 

2000. 

0.25 

9.2 

2.29 

75000. 

2500. 

0.25 

B.  2 

2.21 

25. 

440CO. 

2000. 

0.25 

16.9  ~ 

3.42 

52000. 

2000. 

0.25 

15.6 

3.25 

60000. 

2000. 

0.25 

14.5 

3.11 

75000. 

2500. 

0.25 

13.0 

2.98 

50. 

44000. 

2000. 

0.25 

23.9 

4.48 

52000. 

2000. 

0.25 

22.0 

4.23 

60000. 

2000. 

0.25 

20.5 

4.04 

75000. 

2500. 

0.25 

18.3 

3.85 

75. 

44000. 

2000. 

0.25 

29.3 

5.28 

52000. 

2000. 

0.25 

27.0 

4.98 

60000. 

2000. 

0.25 

25.1 

'4.75 

75000. 

2500. 

0.25 

22.5 

4.52 

100.. 

440C0* 

2000. 

0.25 

33.8 

5.97 

52000. 

2000. 

0.25 

31.1 

5.62 

60000. 

2000. 

0.25 

29.0 

5.34 

75000. 

2500. 

0.25 

25.9 

5.08 

150. 

44000. 

2000. 

0.25 

41.5 

7.11 

52000. 

2000. 

0.25 

38.1 

6.68 

60000. 

2000. 

0.25 

35.5 

6.35 

75000. 

2500. 

0.25 

31.8 

6.02 

200. 

44000. 

2000. 

0.25 

47.9 

8.07 

52000. 

2000. 

0.25 

44.0 

7.58 

60000. 

2000. 

0.25 

41.0  ' 

7.19 

75000. 

2500. 

0.25 

36.7 

6.82 

250. 

44000. 

2000. 

0.25 

53.5 

8.92 

52000. 

2000. 

0.25 

49.2 

8.37 

60000. 

2000. 

0.25 

45.8 

7.94 

750  00’. 

2500. 

0.25 

41.0 

7.52 

300. 

44000. 

2000. 

0.25 

58.6 

9.69 

52000. 

2C0C. 

0.25 

53.9 

9.08 

60000. 

2000. 

0.25 

50.2 

8.61 

75000. 

2500. 

0.25 

44.9 

8.15 

350. 

44000. 

2000. 

0.25 

63.3 

10.39 

52000. 

2000. 

0.25 

58.3 

9.74 

60000. 

2000. 

0.25 

54.2 

9.23 

75000. 

2500. 

0.25 

48.5 

8.73 

3-157A 


TABLE  3-39  (Coat'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.  25  =  <t>.  <L  2.  00,  i  = 

'  sc  Lc  v 

LS  q  ^dy 

ft pai  psi 

17«5  0.9 . .  10.  44000. . 

....  . . . . 52000. 

60000. 

. . .  75CC0. 

25.  44000. 

. - . : . . .  ...  520C0. 

60000. 

. . ......_ . 75000. 

50.  44000. 

. . . . . .  ....  52000. 

6CC00. 

. . 75000. 

75.  44000. 

. 52000. 

600C0. 

. . 75000. 

100.  440C0. 

_ 520C0. 

60000. 

. . . . .  7500  0. 

150.  44000. 

. .  52000. 

6COCO. 

.  75000. 

200.  44000. 

.......  . .  52000. 

6C000. 
750C0. 
250.  440CO. 

52000. 

6C0CC. 

.  .  750CO. 

300.  44000. 

520 CO. 
6C0CC. 
75CCO. 
350.  440  CO  . 

520CO. 

609C0. 

75CCO. 


,  2000<f’c^L  6000,  d  =  0.  9  D) 


c 

pbi 

*Sc 

% 

D 

in. 

Ct 

$/sq  ft 

~ 2000.  . 

0.25 

11.2 

2  •  5  6~ 

2000. 

0.25 

10.3 

2.44 

2000. 

0.25 

9.6 

2.35 

2500. 

0.25 

8.6 

2.27 

2000. 

0.25 

17.7 

3.54 

2000. 

0.25 

16.3 

3.35 

2000. 

0.25 

15.2 

3.21 

2500. 

0.25 

13.6 

3.07 

2000. 

0.25 

25.1 

4.64 

2000. 

0.25 

23.1 

4.38 

2000. 

0.25 

21.5 

4.17 

2500., 

0.25 

19.2 

3.98 

2C00  • 

0.25 

30.7 

5.48 

200C. 

0.25 

28.3 

5.16 

2000. 

0.25 

26.3 

4.91 

2500. 

0.25 

23.5 

4.67 

2000. 

0.25 

35.5 

6.19 

200C. 

C  .2  5 

32.6 

5.83 

200C. 

0.25 

30.4 

5.54 

2500. 

0.25 

27.2 

5.26 

2000. 

0.25 

43.5 

7.39 

2000. 

0.25 

40.0 

6.94 

2000. 

0.25 

37.2 

6.59 

2500. 

0.25 

33.3 

6.25 

2000. 

0.25 

50.2 

8.39 

2000. 

0.25 

46.2 

7.87 

2000. 

0.25 

43.0 

7.47 

2500. 

0.25 

38.4 

7.07 

20C0. 

0.25 

56.1 

9.28 

2000. 

0.25 

51.6 

8.70 

2000. 

C.25 

48.0 

8.25 

2500. 

0.25 

43.0 

7.81 

2CC0. 

0.25 

61.5 

10.08 

2000. 

C.25 

56.5 

9.45 

2000. 

0.25 

52.6 

8.95 

2  500. 

0.25 

47.  1 

8.47 

2000. 

0.25 

66.4 

10.82 

2000. 

0.25 

61.1 

10.13 

2000. 

C.25 

56.  8 

9.59 

2500. 

0.25 

50.  8 

9.08 

3-158A 


TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(. 

0.25^  i  -  i 

~  BC  Lc 

5  2.00, 

<: 

ii 

o 

N 

O 

o 

o 

<  f  «< 

—  c  * 

6000,  d  = 

0.9  D) 

Ls 

9 

fdy 

f' 

c 

tfSc 

D 

Ct 

ft 

e*  psi 

,PBi 

pel 

% 

In. 

$/aq  ft 

17.5 

0.8  10. 

44000. 

. 2000. 

0725" 

11.7 

2.63 

52000. 

2000. 

0.25 

10.8 

2.51 

60000. 

2000. 

0.25 

10.1 

2.42 

75000. 

2500. 

0.25 

9.0 

2.32 

25. 

44000. 

2000. 

0.25 

18.6 

3.65 

52000. 

2000. 

0.25 

17.1 

3.46 

60000. 

2000. 

0.25 

15.9 

3.31 

75000. 

2500. 

0.25 

14.2 

3.16 

50. 

44000. 

2000. 

0.25 

26.3 

4.80 

52000. 

2000. 

0.25 

24.2 

4.53 

60000. 

2000. 

0.25 

22.5 

4.31 

75000. 

2500. 

0.25 

20.1 

4,11 

75. 

44000. 

2000. 

0.25 

32.2 

5.68 

52000. 

2000. 

0.25 

29.6 

5.35 

60000. 

2000. 

0.25 

27.6 

5.08 

75000. 

2500. 

0.25 

24.6 

4.83 

100. 

44000. 

2000. 

0.25 

37.2 

6.42 

52000. 

2000. 

0.25 

34.2 

6.04 

• 

60000. 

2000. 

0.25 

31.8 

5.74 

75000. 

2500. 

0.25 

28.5 

5.44 

150. 

440C0. 

2000. 

0.25 

45.5 

7.67 

52000. 

2000. 

0.25 

41.9 

7.20 

60000. 

2000. 

0.25 

39.0 

6.83 

75000. 

2500. 

0.25 

34.9 

6.47 

200. 

44000. 

2000. 

0.25 

52.5 

8.72 

52000. 

2000. 

0.25 

48.3 

8.17 

60000. 

2000. 

0.25 

45.0 

7.75 

75000. 

2500. 

0.25 

40.2 

7.34 

250. 

440C0. 

2000. 

0.25 

58.7 

9.65 

52C00. 

2000. 

0.25 

54.0 

9.03 

60000. 

2000. 

0.25 

50.3 

8.56 

75000. 

2500. 

0.25 

45.0 

8.10 

300. 

44000. 

2000. 

0.25 

64.4 

10.48 

52000. 

2000. 

0.25 

59.2 

9.81 

60000. 

2000. 

0.25 

55.1 

9.29 

75000. 

2500. 

0.25 

49.3 

8.79 

350. 

44000. 

2000. 

0.25 

69.5 

11.25 

52000. 

2000. 

0.25 

63.9 

10.53 

60000. 

2000. 

0.25 

59.5" 

9.96 

75000. 

2500. 

0.25 

53.2 

9.42 

3-I59A 


TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


( .  0. 25—  4  =4,  2.00,  4  =  0,  2000  ^-f1  i  6000,  d  =  0.  9  D) 

1  sc  Lc  v  c 


LS  q 

fdy 

f  ' 

C 

D 

Ct 

ft.  e*  psi 

_  ??ai 

£IL_ 

% 

in. 

$/sq  ft 

17.9  0.7  10. 

44000. 

2000. 

0.25 

12.3 

2.71 

52000. 

2000. 

0.25 

11.3 

2.58 

60000. 

2000. 

0.25 

10.5 

2.48 

75000.. 

.2500. 

0.25 

9.4 

2.38 

HI 

fr- 

44000 . 

2000. 

0.25 

19.5 

3.77 

.  52000.. 

2000. 

0.25 

17.9 

3.57 

60000. 

2000. 

0.25 

16.7 

3.41 

75000. 

2500.  _ 

0.25_ 

_ 14.9 

3.26_ 

<J» 

O 

• 

44000. 

2000. 

0.25 

27.5 

4.97 

52000..  „ 

2000. 

0.25 

25.3 

4.68 

60000. 

2000. 

0.25 

23.6 

4.46 

75000. 

2500. 

0.25 

21.1 

4.24  _ 

73. 

44000. 

2000. 

0.25 

33.7 

5.89 

52000. 

2000. 

0.25 

31.0 

5.54 

60000. 

2000. 

0.25 

2  8.9 

5«  26 

75000.  .. 

2500. 

0.25 

25.8 

5.00 

100. 

44000. 

2000. 

0.25 

38.9 

6  *67 

_  52000. 

2000, 

0.25 

35.8. 

6.26. 

60000. 

2000; 

0.25 

33.3 

5.94 

75000. .  . 

2500. 

0.25 

29.8 

5.64 

130. 

44000. 

2000. 

0.25 

47.7 

7.97 

52000. 

2000. 

0.25 

43.8 

7.47 

60000. 

2000. 

0.25 

40.8 

7.08 

75000. 

2500. 

0.25 

36.5 

6.71 

""  2007 

44000. 

2000. 

0.25 

55.0 

9.06 

52000. 

2000. 

0.25 

50.6 

8.49 

60000. 

2000. 

0.25 

47.1 

8.04 

75000. 

2500. 

0.25 

42.1 

7.61 

250. 

44000. 

2000. 

0.25 

61.5 

10.03 

5200C. 

2000. 

0.25 

56.6 

9.39 

.  ■  -  - 

60000. 

2000. 

0.25 

52.7 

6.88 

750CC; 

2500. 

0.25 

47.1 

8.40 

300. 

44000. 

2000. 

0.25 

67.4 

10.90 

52000. 

2000. 

0.25 

62.0 

10.20 

. 

600CC. 

2000. 

0.25 

57.7 

9.65 

750CC. 

2500. 

0.25 

51.6 

9.12 

350. 

44000. 

2000. 

0.25 

72.8 

11.71 

52000. 

2000. 

0.25 

67.0 

10.94 

60000. 

2000. 

0.25 

62.3 

10.35 

750CC . 

2500. 

0.25 

55.8 

9.78 

3-160A 


TABLE  3-39  (Cont’d) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  RH  NFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


1 

(.0.25  = 

<  2. 00,  d 

v 

=  o,  2000 

<fl  < 

C 

6000,  d  = 

0.9  D) 

Ls 

q 

fdy 

f‘ 

C 

^Sc 

D 

Ct 

!  ft 

c<'  nsi 

psi 

psi 

% 

in. 

$/ 8q  ft 

1  17.  S 

0.6  10. 

■44000. 

5000. 

0.42 

9.9 

2.78” 

52000. 

2000. 

0.25 

11.9 

2.65 

60000. 

2000. 

0.25 

11.0 

2.55 

| 

75000. 

2000. 

0.25 

9.9 

2.45 

25. 

44000. 

5000. 

0.42 

15.7 

3.89 

{ 

52000. 

2000. 

0.25 

18.7 

3.69 

60000. 

2000. 

0.25 

17.4 

3.52 

75000. 

2000. 

0.25 

15.6 

3.36 

50. 

44000. 

5000. 

0.42 

22.2 

5.13 

1 

52000. 

2000. 

0.25 

26.5 

4.85 

1 

60000. 

2000. 

0.25 

24.7 

4.61 

75000. 

2000. 

0.25 

22.1 

4.38 

1 

t 

r- 

44000. 

5000. 

0.42 

27.2 

6.09 

1 

52000. 

2000. 

0.25 

32.5 

5.74 

60000. 

2000. 

0.25 

30.2 

5.45 

. 

75000. 

2000. 

0.25 

27.0 

5.17 

100. 

44000. 

5000. 

0.42 

31.4 

6.90 

' 

52000. 

2000. 

0.25 

37.5 

6.49 

60000. 

2000; 

0.25 

34.9 

6.16 

I 

75000. 

2000. 

0.25 

31.2 

5.83 

1  . 

150. 

44000. 

5000. 

0.42 

38.5 

8.25 

52000. 

2000. 

0.25 

45.9 

7.75 

60000. 

2000. 

0.25 

42.7 

7.34 

I 

75000. 

2000. 

0.25 

38.2 

6.95 

200. 

44000. 

5000. 

0.42 

44.4 

9.39 

52000. 

2000. 

0.25 

53.0 

8.81 

! 

6C00C. 

2000. 

0.25 

49.3 

8.34 

75000. 

2000. 

0.25 

44. 1 

7.89 

250. 

44000. 

5C00. 

0.42 

49.7 

10.39 

j 

520 CO. 

2000. 

0.25 

59.3 

9.75 

s 

60000. 

2000. 

0.25 

55.2 

9.22 

75000; 

2000. 

0.25 

4  9.3 

8.71 

1 

300. 

44000. 

5000. 

0.42 

54,4 

11.30 

1 

52000. 

2C0C. 

0.25 

64.9 

10.60 

60000. 

2000. 

0.25 

60.4 

10.02 

750CC . 

2000. 

0.25 

54.1 

9.46 

i 

350. 

44CC0. 

5000. 

C  .42 

58.8 

12. 13 

5200-.. 

2G0C  . 

C.25 

70.1 

11.38 

60000 . 

2000. 

0.25 

65.3 

10.75 

750C0. 

2C00. 

0.25 

58.4 

10.15 

4 


■j 

i 


I 
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TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  TOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.25  <i  =  «S7  <2.00,  i  =  0,  2000  <f'  <6000,  d  =  0.  9  D) 

ac  Lc  v  —  c  —  ' 


Ls 

cx. 

ac 

q 

Lc~  ’ 

£dy 

V 

f' 

c 

—  C 

^Sc 

D 

Ct 

ft 

psi 

psi 

P8i 

% 

in. 

$/sq  ft 

21.0 

1.0 

10. 

44000. 

2000. 

0.25' 

12.8 

2.79 

- - - 

— 

,  . . 

52000. 

2000. 

0.25 

11.8 

2.65 

6CCCC.  2C00. 0.25  11.0  2.55 


75CC0. 

2500. 

0.25 

9.8 

2.45 

25. 

440C0. 

20C0. 

0.25 

20.3 

3.90 

52000. 

2000. 

0.25 

18.7 

3.68 

6C0C0. 

2000. 

0.25 

17.4 

3.52 

7.5000. 

2500. 

0.25 

15.6 

3.36 

50. 

440C0. 

2000. 

0.25 

28.7 

5.15 

52000. 

2000. 

0.25 

26.4 

4.85 

6QOCO. 

2000. 

0.25 

24.6 

4.61 

75. 

75000. 

2500. 

0.25 

22.0 

4.39 

44000. 

2000. 

0.25 

35.2 

6.10 

52000. 

2000. 

0.25 

32.4 

5.74 

6QQC0. 

2000. 

0.25 

30.1 

5.45 

75QCC. 

2500. 

0.25 

26.9 

5.17 

100. 

440C0. 

2000. 

0.25 

40.6 

6.91 

52000. 

2000. 

C  .25 

37.4 

6.49 

60000. 

2000. 

0.25 

34.8 

6.16 

75000. 

2500. 

0.25 

31.1 

5.84 

150. 

44000. 

2000. 

0.25 

49.7 

8.27 

52000. 

2000 . 

0.25 

45.8 

7.75 

6C0CO. 

2000. 

°  25 

42.6 

7.34 

7500C. 

2500. 

0.25 

38.  1 

6.95 

200. 

44000. 

2000. 

0.25 

57.4 

9.41 

52000. 

2000. 

0.25 

52.8 

8.81 

600C0. 

2000. 

C.25 

49.2 

8.34 

75000. 

2500. 

0.25 

44.0 

7.89 

250. 

44000  . 

2000. 

0.25 

64.2 

10.42 

52000. 

2000. 

0.25 

59.  1 

9.75 

60000. 

200C. 

0.25 

55.0 

9.22 

750CC.- 

2500. 

0.25 

49.2 

8.72 

300. 

440CC. 

2C0C  . 

0.25 

70.4 

11.33 

52000. 

2000. 

0.25 

64.7 

10.59 

6C0CC. 

2000. 

C.25 

60.2 

10.02 

75000. 

2500. 

0.25 

53.9 

9.47 

350. 

4  40GC  . 

2C00. 

0.25 

76.0 

12.17 

52000. 

2C00. 

0.25 

69.9 

11.37 

60CC0. 

2CGC. 

C.25 

65.1 

10.75 

750CC . 

250C. 

C.25 

58.2 

10. 16 

3-162A 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


,0.25  —4  =  «S. 

8  C  Lc 

^.2.00,  i 

V 

=  0,  2000 

^.6000,  d  » 

C 

0.9  D) 

q 

fdy 

f1 

C 

^Sc 

D 

Ct 

CA  psi 

pB  1 

% 

in. 

$/ sq  ft 

0.9  10. 

44000. 

2000. 

“6725 

13.5 

2.87 

52000. 

2000. 

0.25 

12.4 

2.73 

600C0. 

2COO. 

C  .25 

11.5 

2.62 

75000. 

2000  . 

0.25 

10.3 

2.52 

25. 

44000. 

2000. 

0.25 

21.3 

4.03 

52000. 

2000. 

0.25 

19.6 

3. ,81 

60000. 

2000. 

0.25 

18.2 

3.63 

75000. 

2000. 

0.25 

16.3 

3.47 

50. 

44000. 

2000. 

0.25 

30.1 

5.34 

52000. 

2000. 

0.25 

27.7 

5.02 

60000. 

2000. 

0.25 

25.6 

4.78 

750C0. 

2000. 

0.25 

23.1 

4.54 

75. 

44000. 

200C. 

C.2  5 

36.9 

6.34 

52000. 

2000. 

0.25 

33.9 

5.95 

60000 . 

2000. 

0.25 

31.6 

5.65 

75CC0. 

2000. 

0.25 

28.2 

5.36 

100. 

440C0. 

2000. 

0.25 

42.6 

7.19 

52000. 

2000. 

0.25 

39.2 

6.74 

60000. 

2C00i 

0.25 

36.5 

6.39 

75000. 

2000. 

0.25 

32.6 

6.05 

150. 

44CC0. 

2000. 

0.25 

52.1 

8.60 

52000. 

2C00. 

0.25 

48.0 

8.06 

60000. 

2000. 

0.25 

44.7 

7.63 

75000. 

2000. 

0.25 

39.9 

7.21 

200. 

44000. 

2000. 

0.25 

60. 2 

9.80 

52000. 

2000. 

0.25 

55.4 

9.17 

60000. 

2000. 

0.25 

51.6 

8.67 

75000. 

20  00. 

0.25 

46.1 

8.19 

250. 

44CC0. 

2000. 

0.25 

67.3 

10.  85 

52000. 

2000. 

0.25 

61.9 

10.14 

600CC. 

2000. 

0.25 

57.7 

9.59 

750CC; 

2000. 

0.25 

51.6 

9.06 

300. 

440CC. 

2000  . 

0.25 

73.7 

11.80 

520C0. 

2000. 

0.25 

67.8 

11.03 

6C0C0. 

2000. 

0.25 

63.2 

10.42 

750CC. 

2000. 

0.25 

56.5 

9.84 

350. 

44GC0. 

2000. 

C.25 

79.7 

12.68 

52000. 

2C0C. 

0.25 

73.3 

11.84 

6  0  C  C  0  • 

2000. 

0.25 

68.2 

11.19 

7  500  C  . 

2C00. 

0.25 

61.0 

10.56 

TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0.  25— *Sgc  =  ^Lc 

-^.2.00,  «5 

V 

=  0,  2000 

<f>  ^ 

C 

6000,  d  = 

0.  9  D) 

Ls 

q 

£  dy 

V 

c 

*Sc 

D 

Ct 

ft 

CA>  pel 

Psi 

psi 

% 

in. 

$f  sq  ft 

21.0 

0.S  10. 

44000. 

2000. 

0.25 

14.  1 

2.96 

52000. 

2000  • 

0.25 

13.0 

2.81 

60000. 

2000. 

0.25 

12.1 

2.70 

75000. 

2000. 

0.25 

10.0 

2.58 

25. 

44000. 

2000. 

0.25 

22.3 

4.17 

52000. 

2000. 

0.25 

20.5 

3.94 

60000. 

2000. 

0.25 

19.1 

3.75 

75000. 

2000. 

0.25 

17.1 

3.57 

50. 

44000. 

2000. 

0.25 

31.5 

5.54 

52000. 

2000. 

0.25 

29.0 

5.20 

60000. 

2000. 

0.25 

27.0 

4.94 

75000. 

2000. 

0.25 

24.1 

4.69 

75. 

44000. 

2000. 

0.25 

38.6 

6.5  8 

52000. 

2000. 

0.25 

35.5 

6.17 

6QOCO. 

2000. 

0.25 

33.1 

5.86 

75000. 

2000. 

0.25 

29.6 

5.55 

100. 

44000. 

2000. 

0.25 

44.  6 

7,46 

52000. 

2000. 

0.25 

41.0 

6.99 

60000. 

2000: 

0.25 

38.2 

6.63 

75000. 

2000. 

0.25 

34.1 

6.27 

150. 

44000. 

200C. 

0.25 

54.6 

8.94 

52000. 

2000. 

0.25 

50.2 

8.37 

60000. 

2000  . 

0.25 

46.0 

7.92 

75000. 

2000. 

0.25 

41.8 

7.48 

200. 

44000. 

2000. 

0.25 

63.1 

10.19 

520CC. 

2000. 

0.25 

58.0 

9.53 

60000. 

2000. 

0.25 

54.0 

9.01 

7  5  0  C  0  . 

2000. 

0.25 

48.3 

8.50 

250. 

44000. 

2000. 

0.25 

70.5 

11.29 

5200C. 

2000. 

0.25 

64.8 

10.55 

6COCO. 

200C. 

0.25 

6C.4 

9.96 

75000: 

2000. 

0.25 

54.0 

9.40 

300. 

44000. 

2000. 

0.25 

77.2 

12.23 

520C0. 

2C0C. 

C  .25 

71.0 

11.47 

600 CO. 

2Q0C. 

0.25 

66.1 

10.83 

75000. 

2CQ0. 

0.25 

59.1 

10.21 

350. 

44  0  CO. 

20  00. 

0.25 

83.4 

13.20 

52  0  CO. 

2C0C. 

C.25 

76.7 

12.32 

600 CC. 

2C0C  . 

0.25 

71.4 

11.63 

75000. 

2000. 

0.25 

63.9 

10.96 

3-164A 


Ls 
ft _ 

TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEDMENT 

{.0.25  —<t>  =  «ST  <lZ,00,  i  =  0,  2000  <  V  <6000,  d  =  0. 

'  sc  Lc  v  c 

q.  f  dy  f'c  ^Sc  D 

'  pal  psi  psi  %  in. 

9  D) 

Ct 

$/ sq  ft 

21.0 

0.7  1C. 

44000. 

2000. 

0.25 

14.8 

3.05 

520C0. 

2000. 

0.25 

13.6 

2.90 

600CO. 

2000. 

0.25 

12.6 

"2.78 

75000. 

2000. 

0.25 

11.3 

2.66 

25. 

440CO. 

2000. 

0.25 

23.3 

4.32 

52000. 

2000. 

0.25 

21.5 

4.07 

6GGC0 . 

2000. 

0.25 

20.0 

3.88 

75000. 

2000. 

0.25 

17.9 

3.69 

50. 

44000. 

2000. 

0.25 

33.0 

5.74 

52000. 

2000. 

0.25 

30.4 

5.39 

60000. 

2000. 

0.25 

28.3 

5.12 

750Q0. 

2000. 

0.25 

25.3 

4.85 

75. 

44000. 

200C. 

0.25 

40.4 

6.83 

52CCO. 

2000. 

C  .25 

37.2 

6.41 

6C0CC. 

2000. 

0.25 

34.6 

6.07 

75000. 

2000. 

0.25 

31.0 

5.74 

100. 

440CC  . 

2000. 

0.25 

4  6.7 

7.76 

520CC • 

2000. 

0.25 

43.0 

7.26 

60OC0. 

2000. 

0.25 

40.0 

6.87 

75OC0. 

2000. 

0.25 

35.8 

6.49 

150. 

44000. 

20C0. 

0.25 

57.2 

9.30 

52000. 

2000. 

0.25 

52.6 

8.70 

6CQC0. 

2C0C  . 

0.25 

49.0 

8.22 

750C0 . 

20C0. 

0.25 

43.8 

7.76 

200. 

440CC. 

2000. 

0.25 

66.0 

10.60 

520CC. 

2000. 

0.25 

60.7 

9.90 

6C0C0. 

2000. 

0.25 

56.6 

9.36 

75000. 

2000. 

0.25 

50.6 

8.82 

250. 

44000. 

2000. 

C  .25 

73.8 

11.75 

...  ... 

52000. 

2000. 

0.25 

67.9 

10.97 

6C0C0. 

2000. 

0.25 

63.2 

10.36 

s 

7500C. 

20CC. 

0.25 

56.6 

9.76 

300. 

44000. 

2000. 

0.25 

80.9 

12.79 

520CC. 

2000. 

0.25 

74.4 

11.93 

600  CO • 

200C. 

0.25 

69.3 

11.26 

75000. 

200C. 

C.25 

61.9 

10.61 

350. 

44CC0. 

20CC. 

C.25 

87.4 

13.74 

520CC. 

200C . 

C.25 

8C.4 

12.82 

6CCCC. 

200C . 

0.25 

74.8 

12.09 

75000. 

2  0  C  C  . 

0.25 

66.9 

11.38 

3-165A 


TABLE  3-39 


MINIMUM  IN-PLA.CE  COSTS  FOR  OVERHEAD  FIXED  -  END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(.0.23<  tSec  =  «!Lc  <2.00,  <*v  =  0,  2000  jSf'c  .<6000,  d  =  0.9D) 


ft 

q 

pel 

fdy 

pei 

f' 

C 

psi 

^Sc 

Ps* 

D 

in. 

Ct 

$/sq  ft 

*1.0  0.6 

10. 

440CC. 

2000. 

'  0.25 

15.5 

3.15 

52CC0. 

2000. 

0.25 

14.2 

2.99 

60000. 

2000. 

0.25 

13.2 

2.86 

75000. 

2000. 

0.25 

11.8 

2.73 

25. 

44000. 

2000. 

0.25 

24.4 

4.47 

52CC0. 

2000. 

0.25 

22.5 

4.21 

60000. 

2000. 

0.25 

20.9 

4.01 

75000. 

2000. 

0.25 

18.7 

3.81 

50. 

44000. 

2000. 

0.25 

34.6 

5.96 

52000. 

2000. 

0.25 

31.8 

5.59 

6COCO. 

2000. 

0.25 

29.6 

5.30 

75000. 

2000. 

C.25 

26.5 

5.02 

75. 

44000. 

2000. 

0.25 

42.3 

7.10 

52000. 

200C  . 

0.25 

39.0 

6.65 

600CC. 

2CC0. 

0.25 

36.3 

6.29 

7500 C. 

2000. 

0.25 

32.4 

5.95 

100. 

44000. 

20CC. 

0.25 

48.9 

8.06 

520CC. 

20C0. 

C.25 

45.0 

7.54 

60000. 

2C00. 

0.25 

41.9 

7.13 

75000. 

2000. 

0.25 

37.5 

6.73 

150. 

440CC • 

20CC. 

0.25 

59.9 

9.67 

520CC. 

2000. 

0.25 

55.1 

9.04 

6C0CC. 

2000. 

C.25 

51.3 

8.54 

750CC. 

2000. 

0.25 

45.9 

8.04 

200. 

440C0. 

2000. 

0.25 

69.2 

11.03 

52000. 

2000. 

0.25 

63.6 

10.30 

6C0Q0. 

2000. 

0.25 

59.2 

9.72 

75000. 

2000. 

0.25 

53.0 

9.15 

250. 

44CC0. 

2COO. 

0.25 

77.3 

12.23 

520CC. 

2000. 

0.25 

71.1 

11.41 

60000. 

2000. 

0.25 

66.2 

10.77 

75000. 

2000. 

0.25 

59.2 

10.13 

300. 

44000. 

2000. 

0.25 

84.7 

13.31 

52000. 

2000. 

C.25 

77.9 

12.42 

6C0C0. 

2000. 

C.25 

72.5 

11.71 

75000. 

2000  . 

C.25 

64.9 

11.01 

350. 

44000. 

2000. 

C.25 

91.5 

14.31 

52000. 

2000. 

C.25 

84.1 

13.34 

60000. 

200C  . 

0.25 

78.3 

12.58 

750  CO . 

2000. 

0.25 

70.1 

11.82 

3-1 66A 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(.0.25.^  =  «St  -^.2.00,  <5=  0,  2000-<£'  J&. 6000,  d  »  0.  9  D) 

so  Lc  v  c 

L„  f.  f’  sL  D 

S  q  dy  c  Sc  Ct 

ft  04  psi  psi  pai  %  in.  $/sq  ft 

24.5  1.0 

10. ~ 

440C0. 

2CCC. 

C  .25 

15.0 

3.09 

520GC. 

2000. 

C  .25 

13.0 

2.93 

tooco. 

2000. 

0.25 

12.8 

2.80 

75000. 

2000. 

C.25 

11.5 

2.68 

25. 

44000. 

2000. 

0.25 

23.7 

4.37 

52000. 

2000. 

0.25 

21.8 

4.12  .. 

6COCO. 

2000. 

0.25 

20.3 

3.92 

75000. 

2000. 

0.25 

18.1 

3.73 

50. 

44000. 

2000. 

0.25 

33.5 

5.82 

52000. 

2000. 

0.25 

30.8 

5.46 

60000. 

2000. 

0.25 

28.7 

5.18 

75000. 

2000. 

0.25 

25.7 

4.91 

75. 

4400C. 

2000. 

0.25 

41.0 

6.93 

520CC. 

2000. 

0.25 

37.8 

6.49 

6C0CG. 

2000. 

0.25 

35.1 

6.15 

750C0. 

2000. 

0.25 

31.4 

5.82 

100. 

44000. 

2000. 

0.25 

47.4 

7.86 

520 CO. 

200C. 

0.25 

43.6 

7.36 

60CCO. 

2000. 

0.25 

40.6 

6.97 

75000. 

2000. 

C.25 

36.3 

6.58 

150. 

440CO. 

200C . 

0.25 

58.0 

9.43 

520CO. 

2C0C. 

0.25 

53.4 

0.82 

600CC. 

20CC. 

C.25 

49.7 

8.33 

750CC. 

20CC. 

C.25 

44.5 

7.86 

200. 

440CO. 

2000. 

0.25 

67.0 

10.75 

520  CO. 

20CC  . 

C.25 

61.6 

10.04 

6C0CO. 

20  CO. 

C.25 

57.4 

9.49 

7  5  0  C  0  . 

2000 . 

C.25 

51.3 

8.94 

250. 

440CC . 

2C0C. 

C.25 

74.9 

11.92 

5  2  0  C  O  . 

200C. 

C.2  5 

68.9 

11.12 

. 

60000. 

2000. 

0.25 

64.2 

10.50 

75000: 

2CCC  . 

C.25 

57.4 

9.90 

300. 

440C0. 

2000. 

0.25 

82.1 

12.97 

520CC. 

2C0C. 

0.25 

75.5 

12.10 

6COOO. 

2000. 

0.25 

7C.3 

11.42 

750G0. 

2000. 

0.25 

62.9 

10.76 

350. 

44C00. 

2000. 

0.25 

88.7 

13.94 

5  2  ij  C  0  * 

2000  . 

C.2  5 

81.6 

13.00 

6C0C0. 

2000. 

0.25 

75.9 

12.27 

750CC . 

20CC  . 

C.25 

67.9 

11.55 

3-167A 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC.  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.0.  25^d5 

=  <4, 

sc  Lc 

2.00,  i 

V 

=  0,  2000^f'c^6000,  d  = 

0.  9  D  ) 

LS 

q 

fdy 

f' 

C 

^Sc 

D 

Ct 

ft _ 

psi 

psi 

psi 

Hi 

in. 

$/sq  ft 

24.5  0.9 

10. 

44000. 

2000. 

0.25 

15.7 

3.19  " 

52000. 

200C. 

0.25 

14.5 

3.02 

60000. 

2000. 

0.25 

13.5 

2. 89 

75000. 

2000. 

0.25 

12.0 

2.76 

25. 

44000. 

2000. 

0.25 

24.8 

4.53 

52000. 

2000. 

C.25 

22.8 

4.27 

6COOO. 

2000. 

0.25 

21.3 

4.06 

. . . . . . . 

75CC0. 

2000. 

0.25 

19.0 

3.86 

50. 

440C0 • 

2000. 

0.25 

35.1 

6.04  ‘u 

52000. 

2000. 

0.25 

32.3 

5.67 

60000. 

2000. 

0.25 

30.1 

. 5.38  ~ 

750C0. 

2000. 

0.25 

26.9 

5.09 

75. 

44000. 

2000. 

0.25 

43.0 

7.20 

52000. 

200C  . 

0.25 

39.6 

6.75 

60000. 

2000. 

0.25 

36.8 

6.39 

750CC . 

2C00  . 

0.25 

33.0 

6.03 

100. 

44000. 

2000. 

0.25 

49.7 

8.18 

52000. 

2000. 

C.25 

45.7 

7.65 

60000. 

2000. 

0.25 

42.5 

7.24 

. . . . , . 

' 

750C0. 

2CCC  . 

C.25 

38.0 

6.83 

150. 

4400C . 

2000. 

0.25 

60.8 

9.82 

520  CO . 

2000. 

C.25 

56.0 

9.17 

6C0CC. 

2000. 

0.25 

52.1 

8.67 

75CCC. 

200C. 

0.25 

46.6 

8.17 

200. 

44000. 

2CC0. 

0.25 

70.3 

11.20 

520C0. 

2C00. 

0.25 

64.6 

10.46 

6C0C0. 

2000. 

0.25 

6C.2 

9.87" 

750C0. 

2000. 

0.25 

53.8 

9.30 

250. 

44000. 

2CG0. 

0.25 

78.5 

12.42 

520CC. 

2C00. 

0.25 

72.3 

11.59 

60000. 

2000. 

0.25 

67.3 

10.93 

75000.' 

2000  . 

0.25 

60.2 

10.29 

300. 

44000. 

2000. 

0.25 

86.0 

13.52 

52000. 

2C0C. 

0.25 

79.1 

12.61 

6CCC0. 

2C00. 

0.25 

73.7 

11.89 

75000. 

2000. 

C.25 

65.9 

11.19 

350. 

44000. 

2000. 

0.25 

92.9 

14.54 

52000. 

200C. 

C.25 

1)5.  5 

13.55 

60CCC. 

20  CO  • 

0.25 

79.6 

12.78 

750CC . 

2CCC  . 

C.25 

71.2 

12.01 

3-1 68A 


TABLE  3-39  (Cont’d) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


.0.25^{S  =  <t>. 

8  c  Lc 

^2.00,  <k 

V 

=  0,  2000  *£f  J^.6000 
c 

,  d  =  0. 

9  D) 

Ls 

q 

fdy 

£' 

c 

^Sc 

D 

Ct 

ft 

©<  psi 

Pat 

ps1 

psi 

in. 

$/sq  ft 

2  V.  s'" 

0.8 .  10. 

440 CO.'  ' 

2000. 

C .  2  5 

16.4 

3.29 

..  .  . . 

52QCO. 

2000. 

0.25 

15.1 

3.12 

600C0. 

2000. 

0.25 

14.1 

2.98 

75QQC. 

2000. 

0.25 

12.6 

2.84 

25. 

440CC . 

2000. 

0.25 

26.0 

4.69 

520CO. 

2000. 

0.25 

23.9 

4.42 

600  CO . 

2000. 

0.25 

22.3 

4.20 

750C0 . 

2000. 

0.25 

19.9 

3.98 

50  . 

440  CO. 

2000. 

0.25 

36.8 

6.27 

520C0. 

2000. 

0.25 

33.8 

5.88 

600C0 . 

2000. 

0.25 

31.5 

5.57 

7  50  0  0  . 

2000. 

0.25 

28.2 

5.27 

75. 

440C0 . 

2000. 

C.25 

45.0 

7.48 

520CC. 

2GCC. 

0.25 

41.4 

7.00 

6Q0C0 • 

2000. 

0.25 

38.6 

6.63 

7500 C. 

200C. 

0.25 

34.5 

6.25 

100. 

440C0. 

2000. 

0.25 

52.0 

8.50 

52000. 

2000. 

0.25 

47.8 

7.95 

6C000 . 

2000. 

0.25 

44.5 

7.52 

75000. 

2000. 

0.25 

39.8 

7.08 

150. 

440CC. 

2000. 

C.25 

63.7 

10.22 

52CCC. 

2000. 

0.25 

58.6 

9.54 

60000. 

2C0C. 

0.25 

54.6 

9.01 

750GO. 

2  COO. 

0.25 

48.8 

8.48 

200. 

440CC. 

2CC0  . 

C.25 

73.6 

11.66 

520CO. 

2000. 

C.25 

67.7 

10.88 

6QCC0. 

2C00. 

0.25 

63.0 

10.26 

75QCC. 

20C0. 

0.25 

56.3 

9.65 

250. 

440C0. 

2000. 

0.25 

82.2 

12.93 

5200C. 

2000. 

0.2  5 

75.7 

12.06 

600CO. 

2000. 

0.25 

7C.4 

11.37 

750CO-. 

200C. 

0.25 

63.0 

10.69 

30C. 

440CO. 

2000. 

C.25 

90.1 

14.08 

520CO. 

2C00 . 

0.25 

82.9 

13.13 

600CO. 

2C00. 

0.25 

77.2 

12.37 

750C0. 

20  00. 

C.25 

69.0 

11.63 

350. 

44CCC. 

2000. 

0.25 

97.3 

15.14 

520CO. 

2C0C. 

C.25 

89.5 

14.11 

6GOCO. 

20C0. 

0.25 

83.3 

13.29 

750CC. 

2  C  00  . 

C.25 

74.5 

12.49 

3-142B 


TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


=  0,  2000  <flc^.6000,  d  =  0.  9  D) 


(.0.25  <isc  =^^2.0°,  4>v 

LS  q  fdy 

ft _  c*.  psi  psi 

24. T  0.7  10.  "  440C0."” 

_  .  _  520C0. 

600CO. 
75CC0. 
25.  44000. 

_ _ _ _ _ 520 0C • 

6C0CC. 
75000. 
50.  44000. 

_  520CC. 

6C0CO. 
75000. 
75.  44000. 

520 CO. 
6COOO. 

_  .  750CO. 

100.  ■  44000. 

52000. 

600C0. 

' _  750C0. 

150.  44000. 

520C0. 

6C0C0. 

750C0. 

20 0.  440C0. 

_  52CC0. 

600CO. 
750CC. 
250.  440C0 . 

52000. 
6C0CC . 
750C0. • 

300.  44000. 

5  2  0  C  0  ■ 
6COCO. 
75000. 
350.  44000. 

5 20 CO. 
600CC . 
750CC  . 


V 

c 

Sc 

D 

Ct 

pgi 

psi 

in. 

$/aq  ft 

2000. 

C.25 

17.2 

3.40 

2000. 

0.25 

15.8 

3.21 

2000. 

0.25 

14.8 

3.07 

2000. 

0.25 

13.2 

2.93 

2000. 

0.25 

27.2 

4.86 

2000. 

0.25 

25.1 

4.57 

2000. 

C.25 

23.3 

4.34  • 

2000. 

0.25 

20.0 

4.11 

2000. 

0.25 

38.  5 

6.51 

2000  . 

0.25 

35.4 

6.10 

2000. 

0.25 

33.0 

5.78 

2C0C. 

0.25 

29.5 

5.45 

2OC0. 

0.25 

47.2 

7.78 

2000. 

0.25 

43.4 

7.27 

2CC0. 

0.25 

40.4 

6.88 

2G0C. 

0.25 

36.1 

6.48 

2C0C. 

0.25 

54.5 

8.84 

2000. 

0.25 

50.1 

8.26 

2  C0C. 

0.25 

4  6.7 

7.81 

2C0C  . 

0.25 

41.7 

7.35 

20CC. 

0.25 

66.7 

10.63 

2000. 

0.25 

61.4 

9.92 

200C. 

0.25 

57.1 

9.36 

2000. 

C.25 

51.1 

8.80 

2000. 

0.25 

77.0 

12.14 

2000. 

0.25 

70.9 

11.32 

2C0C. 

0.25 

66.0 

10.68 

2000. 

0.25 

59.0 

10.03 

2000. 

0.25 

36.1 

13.47 

2000. 

0.25 

79.2 

12.55 

20CC. 

0.25 

73.8 

11.03 

2000. 

0.25 

66.0 

11.11 

2000. 

0.25 

94.4 

14.67 

2000. 

0.25 

86.8 

13.67 

2000. 

0.25 

80.8 

12.88 

2000. 

0.25 

72.3 

12.09 

2000. 

0.25 

101.9 

15.78 

2000. 

C.25 

93.8 

14.69 

2000. 

0.25 

87.3 

13.84 

200C. 

C.25 

78.1 

12.98 

3- 1 43B 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(,O.25<0flc  = 

<i-  2.  00, 

JLc 

6  =  0,  2000. 
V 

*£.6000,  d  =  0 
c 

9  D  ) 

S  q 

fdy 

£' 

c 

^Sc 

D 

Ct 

o»*  psi 

psi 

P3i 

% 

in. 

$/sq  ft 

4.5  0.6  10. 

44000. 

2000. 

0.25  ” 

18.0  " 

3.51 

.  52000. 

2000. 

0.25  .. 

16.6 

3.32 

60000. 

2000. 

0.25 

15.4 

3.17 

....  75000. 

2000. 

0.25 

13.8 

3.01 

25. 

44000. 

2000. 

0.25 

28.5 

5.04 

52000. 

2000. 

0.25 

26.2 

4.73  , 

60000. 

2000. 

0.25 

24.4 

4.49 

750C0. 

2000. 

0.25 

21.8  _ 

4.25 

50. 

44000. 

2000. 

0.25 

40.3 

6.76 

520C0. 

2000. 

0.25 

37.1 

6.33 

60000. 

2000. 

0.25 

34.5 

5.99 

75000. 

2000. 

0.25 

30.9 

5.65 

75. 

44000. 

2000. 

0.25 

49.4 

8.08 

52000. 

2000. 

0.25 

45.4 

7.56 

60000. 

2000. 

0.25 

42.3 

7.14 

75000. 

2000. 

0.25 

37.8 

6.72 

100. 

44000. 

2000. 

0.25 

57.0 

9.20 

.  52000. 

2000. 

0.25 

52.5 

8.59 

60000. 

2000. 

0.25 

48.9 

8.11 

75000. 

2000. 

0.25 

43.7 

7.63 

150. 

44000. 

2000. 

0.25 

69.9 

11.07 

52000. 

2000. 

0.25 

64.3 

10.32 

60000. 

2000. 

0.25 

59.8 

9.73 

75QCC. 

2000. 

0.25 

53.5 

9.14 

200. 

440CC. 

2000. 

0.25 

80.7 

12.64 

52000. 

2000. 

0.25 

74.2 

11.78 

60000. 

2000. 

0.25 

69.1 

11.10 

75000. 

2000. 

0.25 

61.8 

10.42 

250. 

44000. 

2000. 

0.25 

90.2 

14.03 

52000. 

200C. 

0.25 

83.0 

13.07 

600CQ. 

2C0C. 

0.25 

77.2 

12.31 

75000. 

2000. 

0.25 

69.1 

11.55 

300. 

44000. 

2000. 

0.25 

98.8 

15.29 

52000. 

2000. 

0.25 

90.9 

14.23 

600C0. 

2000. 

0.25 

84.6 

13.40 

7500C. 

2C00. 

0.25 

75.7 

12.56 

350. 

44CC0. 

2000. 

0.25 

106.7 

16.44 

52C0C. 

2000. 

C.25 

98.2 

15.30 

60000. 

2000. 

0.25 

91.4 

14.40 

75  0  00 . 

2000. 

0.25 

81.7 

13.50 

3-144B 


TABLE  3-39  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


.  (.0.25-^«S  =  d. 

^2.00,  s«v  = 

0,  2000  <£'  ^.6000,  d  =  0. 

C 

9  D) 

LS  q 

fdy 

f» 

c 

^Sc 

D 

Ct 

ft  CX,  psi 

psi 

Psi 

psi 

in. 

$/sq  ft 

28.0  1.0  10. 

A4000. 

2000. 

C.25 

17.1 

3.39 

.  ...  -  .....  _  .  ,  ... 

520C0. 

2000. 

0.25 

15. B 

3.20 

600 00. 

2000. 

0.25 

14.7 

3.06 

. -  ...  . .  ...  .  .  . 

750C0 . 

2000. 

0.25 

13.1 

2.92 

25. 

44000. 

200C. 

0.2-5 

27.1 

4.84 

—  - . . . . .  ... 

52000. 

2000. 

0.25 

24.9 

4.56 

600 00. 

2000. 

0.25 

23.2 

4.33 

. . . . . 

750C0 . 

2000. 

0.25 

20.7 

4.10 

50. 

44000. 

2000. 

0.25 

38.3 

6.49 

. .  ... _ _ _ 

52000. 

2000. 

0.25 

35.2 

6.08 

60000. 

2COO. 

0.25 

32.8 

5.76 

75000. 

2000. 

0.25 

29.3 

5.44 

75. 

44000. 

2000. 

0.25 

46.9 

7.75 

_ _ _ _  . 

52000. 

2000. 

C.25 

43.1 

7.25 

60000. 

2000. 

C.25 

40.2 

6.85 

M.  .  . . . 

75C00. 

2000. 

0.25 

35.9 

6.46 

100. 

44000 • 

2C0C. 

C.25 

54.2 

8.81 

. .  .  .  .  . 

52OC0. 

2000. 

0.25 

49.8 

8.23 

60000. 

2000. 

0.25 

46.4 

7.78 

•  . . 

750CO • 

2000. 

0.25 

41.5 

7.33 

150. 

44000. 

2000. 

C.25 

66.3 

10.59 

52000. 

2000. 

0.25 

61.0 

9.80 

60000. 

2C0C. 

0.25 

56. B 

9.33 

75OC0 . 

2000. 

0.25 

60.8 

8.77 

200. 

44000. 

200C. 

0.25 

76.6 

12.09 

52000. 

2000. 

0.25 

70.5 

11.28 

600CC. 

2000. 

0.25 

65.6 

10.63 

750  CO . 

200C. 

0.25 

58.7 

1C. 00 

250. 

44  0  CO. 

2000. 

0.25 

05.6 

13.41 

52QC0. 

200C . 

0.25 

78.8 

12.50 

600  0(1. 

2000. 

0.25 

73.3 

11.79 

75OC0. 

200C. 

C.25 

65.6 

11.07 

300, 

440  CO. 

2000. 

0.25 

93.8 

14.61 

52000. 

2000. 

0.25 

06.3 

13.61 

6COCO. 

2000. 

C.25 

80. 3 

12.83 

750C0. 

2000. 

C.25 

71.8 

12-05 

350. 

440C0. 

2000. 

0.25 

101.3 

15.71 

520 CC. 

2C0C. 

0.25 

93.2 

14.63 

60000. 

200C  . 

C.25 

86.fi 

13.78 

750C0. 

2000. 

0.25 

77.6 

12.  94 

3-145B 


TABLE  3-39  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


=  <*Lc-2-00'  c5v  = 

LS  q  fdy 

ft _  gt.  pel  pel 

28.0  oTs  IQl  44000. 

. . .  .  . ....  52000. 

60000. 

. .  .  75000. 

25.  44000. 

. . . . . 52000.. 

60000. 

. . . . .  750 CO. 

50.  44000. 

. . . . .  520C0. 

60000. 
75000. 
75.  44000. 

. . .  .  520 00. 

60000. 

....  .  75000. 
100.  44000. 

. .  52000. 

60000. 

.  75000... 

150.  44000. 

52000. 
60000. 
75000. 
200.  44000. 

52000.  _ 
60000. 
75000. 
250.  44000. 

52000. 
60000. 
75000. 
300.  440CC. 

520C0. 
60000. 
75000. 
350.  44000. 

52000. 

60000. 

75000. 


,  2000,  <Lf'  ^.6000,  d  =  0.9  D) 

C 


f* 

c 

psi 

*Sc 

pal 

D 

in. 

Ct 

$/sq  ft 

2000. 

0.25 

18.0 

3.50 

2000. 

0.25 

16.5 

3.31 

2000. 

0.25 

15.4 

3.16 

2'C0Q. 

0.25 

13.8 

3.01 

2000. 

0.25 

28.4 

5.03 

2000. 

0.25 

26.1 

4.72 

2000. 

0.25 

24.3 

4.48 

2000. 

0.25 

21.7 

4.25 

2000. 

0.25 

40.1 

6.74 

2000. 

0.25 

36.9 

6.31 

2000. 

0.25 

34.4 

5.98 

2000. 

0.25 

30.7 

5.64 

2000. 

0.25 

49.2 

8.06 

2000. 

0.25 

45.2 

7.54 

2000. 

0.25 

42.1 

7.12 

2000. 

0.25 

37.7 

6.71 

2000. 

0.25 

56.8 

9.17 

2000. 

0.25 

52.2 

8.57 

2000. 

0.25 

48.6 

8.09 

2000. 

0.25 

43.5 

7.61 

2000. 

0.25 

69.5 

11.04 

2000. 

0.25 

64.0 

10.29 

2000. 

0.25 

59.5 

9.71 

2000. 

0.25 

53.3 

9.12 

2000. 

0.25 

80.3 

12.61 

2000. 

0.25 

73.9 

11.75 

2000. 

0.25 

68.8 

11.08 

2000. 

0.25 

61.5 

10.40 

2000. 

0.25 

89.8 

13.99 

2000. 

0.25 

82.6 

13.03 

2000. 

0.25 

76.9 

12.28 

2000. 

0.25 

68.8 

11.52 

2000. 

0.25 

98.3 

3.5. 24 

2000. 

C.25 

90.5 

14.19 

2000. 

0.25 

84.2 

13.37 

2000. 

0.25 

75.3 

12.54 

2000. 

0.25 

1C6.2 

16.39 

2000. 

0.25 

97.7 

15.26 

2000. 

C.25 

91.0 

14.37 

200C. 

0.25 

81.4 

13.47 

3-146B 


TABLE  3-39  (C-orit'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(.  0.25  <i 
'  — *sc 

II 

■Sk 

r 

o 

<L2.oo,  i 

=  0,  2000  _<f  <  6000,  d  =  0, 

9  D) 

q 

fdy 

f' 

C 

^Sc 

D 

Ct 

ft  ex. 

psi 

psi 

psi 

in. 

$/sq  ft 

28.0  0.8 

10. 

44000. 

2000. 

0.25 

18.8 

3.62 

520C0. 

2000. 

C.25 

17.3 

3.42 

60000. 

2000. 

0.25 

16.1 

3.26 

75000. 

2000. 

0.25 

14.4 

3.10 

25. 

44CC0. 

2000. 

0.25 

29.7 

5.21 

52000. 

2000. 

0.25 

27.3 

4.89 

60000. 

2000. 

0.25 

25.5 

4.64 

75000. 

2000. 

0.25 

22.8 

4.39 

50. 

44000. 

2000. 

0.25 

42.0 

7.01 

52000. 

2000. 

0.25 

38.7 

6.56 

60000. 

2000. 

0.25 

36.0 

6.20 

75000. 

2000. 

0.25 

32.2 

5.84 

75. 

44000. 

2000. 

C.25 

51.5 

8.38 

52000. 

2000. 

0.25 

47.4 

7.83 

6C0C0. 

2000. 

0.25 

44.1 

.  7.40 

75000. 

2000. 

0.25 

39.4 

6.96 

100. 

440C0. 

2000. 

0.25 

59.4 

9.54 

52000. 

2000. 

0.25 

54.7 

8.91 

60000. 

2000. 

0.25 

50.9 

8.41 

75000. 

2000. 

0.25 

45.5 

7.90 

150. 

44000. 

200C. 

0.25 

72.8 

11.49 

52000. 

2000. 

0.25 

67.0 

10.71 

60000. 

2000. 

0.25 

62.3 

10.10 

75000. 

2000. 

0.25 

55.8 

9.48 

200. 

44000. 

2000. 

0.25 

84.1 

13.13 

520C0. 

2000. 

0.25 

77.3 

12.23 

60000. 

2000. 

0.25 

72.0 

11.52 

7  5  0  C  0  . 

2000. 

0.25 

64.4 

10.81 

250. 

440CC. 

2000. 

0.25 

94.0 

14.58 

520C0. 

2000 . 

0.25 

86.5 

13.57 

60CCG. 

2000. 

0.25 

80.5 

12.78 

750C0.  ' 

2000. 

C.25 

72.0 

11.98 

300. 

440CO. 

200C  . 

0.25 

103.0 

15.89 

52000. 

2000. 

0.25 

94.7 

14.70 

60000. 

2000. 

0.25 

88.2 

13.92 

750  CO . 

2000. 

0.25 

78.9 

13.04 

350. 

44CCC. 

2000. 

0.25 

111.2 

17.09 

52000. 

2000. 

0.25 

102.3 

15.90 

6C0C0. 

2000. 

0.25 

95.2 

14.96 

75000. 

2000. 

0.25 

85.2 

14.02 

3-147B 


TABLE  3-39  (Cont’d) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(,  0.  25 

=  4- 

sc  Lc 

_<^2.  00,  = 
V 

0,  2000  <6000,  d  = 

c 

0.9  D) 

LS 

9 

fdy 

f» 

c 

*Sc 

D 

Ct 

ft _ cx 

psi 

psi 

£Si 

psi 

_ in. 

$/sq  ft 

28.0  '6.7 

'  10. 

44000. 

2000. 

0.25 

19.7 

3.74 

.  .52000. 

.2000. 

0.25 

18.1 

3.53 

60000. 

2000. 

0.25 

16.9 

3.37 

75000. 

2000. 

0.25 

15.1 

3.20 

25. 

44000. 

2000. 

0.25 

31.1 

5.41 

52000. 

2000. 

0.25 

28.6 

5.07 

60000. 

2000. 

0.25 

26.7 

4.81 

75000. 

2000. 

0.25 

23.8 

4.54 

50. 

44000. 

2000. 

0.25 

44.0 

7.28 

52000. 

2000. 

0.25 

40.5 

6.81 

600CC. 

2000. 

0.25 

37.7 

6.44 

75000. 

2000. 

0.25 

33.7 

6.06 

75. 

44000. 

2000. 

0.25 

53.9 

8.72 

520C0. 

2000. 

0.25 

49.6 

8.14 

.  60000. 

2000. 

0.25 

46.2 

7.69 

75000. 

2000. 

0.25 

41.3 

7.22 

100. 

44000. 

2000. 

0.25 

62.3 

9.93 

52000. 

2000. 

0.25 

57.3 

9.26 

60000. 

2000. 

0.25 

53.3 

8.74 

75000. 

2000. 

0.25 

47.7 

8.20 

150. 

44000. 

2000. 

0.25 

76.3 

11.97 

52000. 

2000. 

0.25 

70.1 

11.15 

60000. 

2000. 

0.25 

65.3 

10.51 

75000. 

2000. 

0.25 

58.4 

9.85 

200. 

44000. 

2000. 

0.25 

88.0 

13.68 

52000. 

2000. 

0.25 

81.0 

12.74 

60000. 

2000. 

0.25 

75.4 

11.99 

75000. 

2000. 

0.25 

67.4 

11.24 

250. 

44000. 

2000. 

0.25 

98.4 

15.19 

520CC. 

2000. 

0.25 

90.6 

14.14 

60000. 

2000. 

0.25 

B4.3 

13.31 

75000.  • 

2000. 

0.25 

75.4 

12.46 

300. 

44000. 

2000. 

0.25 

107.8 

16.56 

520C0. 

2000. 

0.25 

99.2 

15.40 

60000. 

2000. 

0.25 

92.3 

14.49 

75000. 

2000. 

0.25 

82.6 

13.57 

350. 

44000. 

2000. 

0.25 

116.5 

17.82 

520CC. 

2000. 

0.25 

107.1 

16.57 

6C0C0. 

2000. 

0.25 

99.7 

15.58 

750C0. 

2000. 

0.25 

89.2 

14.58 

3-148B 


TABLE  3-39  (Cont'd) 


( 

Ls 

ft 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END, 
ISOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 

WITHOUT  WEB  REINFORCEMENT 

0.25_<«isc  =  <6Lc^2.00,  4>v  =  0,  2000_<f'  ^_6000,  d=0.9D) 

q  fdy  i  c  ^Sc  D  Ct 

©k  psi  psi  psi  psi  in.  $/sq  ft 

26.0 

0.6  10.  44000. 

2000. 

0.25 

20.6 

3.87 

52000. 

2000. 

0.25 

19.0 

3.65 

60000. 

2000. 

0.25 

17.7 

3.47 

75000. 

2000. 

0.25 

15.8 

3.30 

25.  44000. 

2000. 

0.25 

32.6 

5.61  " 

52000. 

2000. 

0.25 

30.0 

5.26 

60000. 

2000. 

0.25 

27.9 

4.98 

75000. 

2000. 

0.25 

25.0 

4.70 

50.  44000. 

2000. 

0.25 

46.1 

7.57 

52000. 

2000. 

0.25 

42.4 

7.07 

60000. 

2000. 

0.25 

39.5 

"6.68 

75000. 

2000. 

0.25 

35.3 

6.28 

75.  44000. 

2000. 

0.25 

56.5 

9.07 

52000. 

2000. 

0.25 

51.9 

8.46 

60000. 

2000. 

0.25 

48.4 

7.99 

75000. 

2000. 

0.25 

43.2 

7.50 

100.  44000. 

2000. 

0.25 

65.2 

10.34 

520C0. 

2000. 

0.25 

60.0 

9.64 

60000. 

2000. 

0.25 

55.8 

9,09 

75000. 

2000. 

0.25 

49.9 

8.52 

150.  44000. 

2000. 

0.25 

79.9 

12.47 

52000. 

2000. 

0.25 

73.5 

11.61 

60000. 

2000. 

0.25 

68.4 

10.93 

75000. 

2000. 

0.25 

61.2 

10.24 

200.  44000. 

2000. 

0.25 

92.2 

14.26 

52000. 

2000. 

0.25 

84.8 

13.27 

60000. 

2000. 

0.25 

79.0 

12.48 

75000. 

2000. 

0.25 

70.6 

11.69 

250.  440C0. 

2000. 

0.25 

103.1 

15.84 

52000. 

2000. 

0.25 

94.8 

14.73 

60000. 

2000. 

0.25 

88.3 

13.85 

75CC0. 

2000. 

0.25 

79.0 

12.96 

300.  44000. 

2000. 

0.25 

112.9 

17.26 

52000. 

2000. 

0.25 

103.9 

16.05 

600CC. 

2000. 

0.25 

96.7 

15.09 

750C0. 

2000. 

0.25 

86.5 

14.11 

;  350.  44000. 

2000. 

0.25 

122.0 

18.58 

52000. 

2000. 

0.25 

112.2 

17.26 

60000. 

2000. 

0.25 

1C4.5 

16.23 

,  ...... 

75CCO. 

2000. 

0.25 

93.4 

15.17 

3-  149B 


TABLE  3-40 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25  <,.4  =  e  «S.  2.00,  </>  =  0,  2000  ^  f'  .^6000,  d  =  0.  9  D) 

8  C  .L/C  V  C 


Ls  ’ 

'  q 

fdy 

£* 

c 

'  ^Sc 

D 

Ct 

ft  C* 

psi 

psi 

psi 

-  psi 

in. 

$/sq  ft 

7.0  1.0 

10. 

440CQ. 

3CCC. 

0.25 

4.5 

1.62 

520 CG. 

3000. 

0.25 

4.5 

1.63 

60000. 

3500. 

0.25 

4.5 

1.64 

75000. 

4000. 

0.25 

4.5 

1.69 

25. 

44CC0. 

6000. 

0.38 

5.5 

1.97 

52000. 

3000. 

C.25 

6.2 

1.92 

6CC0G. 

3500. 

0.25 

5.8 

1.86 

75000. 

400C  . 

0.25 

5.2 

1.81 

_ 50. _ 

44000. 

6000. 

C.38 

7.8 

2.43 

520CC. 

3000. 

0.25 

8.8 

2.35 

60000. 

3500. 

0.25 

8.2 

2.27 

75000. 

4000. 

€.25 

7.3 

2*20 

75. 

44CC0. 

6000. 

0.38 

9.6 

2.78 

52CC0. 

3000. 

C.25 

10.8 

2.68 

6C000. 

3500. 

0.25 

10.0 

2.58 

75000. 

4000. 

0.25 

9.0 

2.50 

100. 

440CC. 

6000  • 

0.38 

11. 0 

3.07 

52000. 

3000. 

0.25 

12.5 

2.96 

60000. 

350C. 

0.25 

11.6 

2.85 

75000. 

4000  • 

0.25 

10.4 

2.75 

15C. 

44000. 

6000. 

0.38 

13.5 

3.56 

52000. 

3000. 

0.25 

15.3 

3.42 

6CCC0. 

3500. 

0.25 

14.2 

3.29 

75000. 

4C0C. 

0.25 

12.7 

3.17 

200. 

44000. 

,  600C . 

0.38 

15.6 

3.98 

52000. 

3000. 

0.25 

17.6 

3.82 

600CC. 

3500. 

0.25 

16.4 

3.66 

750C0  . 

40C0  . 

0.25 

14.7 

3.52 

250. 

440C0 . 

6000. 

C.38 

17.5 

4.34 

520C0. 

3C0C. 

C.25 

19.7 

4.16 

6CCC0.’ 

3500. 

0.25 

10.3 

3.99 

75000.“ 

4C0C. 

0.25 

16.4 

3.83 

300. 

440C0. 

60CC. 

C.38 

19.1 

4.67 

520C0. 

3000. 

0.25 

21.6 

4.48 

6COOO. 

3500. 

0.25 

20.1 

4.29 

750CC. 

“  4CC0. 

. 0.25 

18.0 

4.12 

350. 

440  CC  . 

60C0. 

C.38 

20.7 

4.98 

520CC. 

3C00  . 

0.25 

23.3' 

4.76 

6C0CC. 

350C. 

0.25 

21.7 

4.56 

7500C. 

4CCC. 

0.25 

19.4 

4.38 

3-1 30B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25^54sc=  e«S 

Lc~  2-  00> 

4  a  o,  2000 

v  c 

6000,  d  = 

0.9  D  ) 

LS  q 

% 

V  “ 
c 

"  *Sc 

D 

Ct 

ft  ©**■  p  si 

pal 

psi 

pai 

in. 

-  $/sq  ft 

7.0  0.9  10. 

44000. 

2500. 

0.25 

4.5 

1.56 

520CO. 

2500. 

0.25 

4.5 

1.57 

6CCCC. 

3000. 

0.25 

4.5 

1.58 

750CC. 

3500. 

0.25 

4.5 

1.62 

25. 

44000. 

6000. 

0.41 

5.5 

1.92 

52000. 

2500. 

0.25 

6.5 

1.88 

60000. 

3000. 

0.25 

6.1 

1.83 

75CC0. 

3  500. 

0.25 

5.4 

1.78 

50. 

44000. 

6000. 

0.41 

7.8 

2.35 

52CC0. 

2500. 

0.25 

9.2 

2.30 

600 CO. 

3000. 

C  .25 

8.6 

2.22 

75CC0. 

3500. 

0.25 

7.7 

2.15 

75. 

44CC0. 

6000. 

0.41 

9.6 

2.69 

52000. 

2500. 

0.25 

11.3 

2.62 

60000. 

3000. 

0.25 

10.5 

2.52 

75000. 

5560. 

0.25 

9.4 

2.43 

100. 

,  44000. 

6000. 

C.41 

11.1 

2.97 

52000. 

2500. 

0.25 

13.1 

2.89 

60000. 

3000. 

0.25 

12.2 

2.78 

75000. 

3500. 

C.25 

10-9 

2.68 

150. 

4400C. 

6000. 

0.41 

13.6 

3.43 

52000. 

2500. 

0.25 

16.0 

3.34 

6G00C. 

3000. 

0.25 

14.9 

3.20 

75QC0. 

350C. 

0.25 

13.3 

3.08 

200. 

440C0. 

6C0C. 

C.41 

15.7 

3.83 

52000. 

"2  500. 

0.25 

18.5 

3.72 

6CCC0. 

3CC0. 

0.25 

17.2 

3.56 

75CC0. 

3500. 

0.25 

15.4 

3.42 

250. 

440CC. 

6CCC-. 

C.41 

17.5 

4.18 

52000. 

2500. 

0.25 

20.6 

4.05 

6CCCC.- 

3C00. 

0.25 

19.2 

3.88 

750C0. 

3500. 

0.25 

17.2 

3.72 

300. 

4400C. 

6000. 

C.41 

19.2 

4.49 

52000. 

Z50C. 

0.25 

22.6 

4.36 

6C0CC. 

3C0C. 

0.25 

21.1 

4.17 

75CC0. 

3500. 

0.25 

18.6 

3.99 

350. 

44000. 

6C0C. 

0.41 

2C.7 

4.78 

52000. 

25CC. 

0.25 

24.4 

4.63 

6  C  0  C  0  * 

3000. 

0.25 

22.7 

4.43 

75CC0. 

35C0. 

0.25 

20.3 

4.24 

3- 1 51 B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25^5$  =  e  «ST  £=  2.  00,  «S  =  0,  2000  ^  f'  <  6000,  d  =  0.  9  D  ) 

SC  J_/C  V  c 


LS  q  fdy  f'c  ^Sc  D  Ct 

ft _  P»  pai  pai  psl  —  psi  in.  $/aq  ft 


7^0  0.8  1C. 

44QQC. 

2500. 

0.25 

4.7 

1.56 

52C0C.  - 

2500. 

0.25 

4.5 

1.54 

60000  . 

2500. 

0.25 

4.5 

1.55 

75000. 

3000. 

0.25. 

4.5 

1.59 

25. 

44000. 

6000. 

0.44 

5.6 

1.91 

520C0. 

2500. 

0.25 

6.8 

1.88 

600C0. 

2500. 

0.25 

6.4 

1.83 

75000. 

3000. 

0.25 

5.7 

1.77 

50. 

440C0. 

6000. 

0.44 

7.9 

2.33 

520C0. 

2500. 

0.25 

9.7 

2.30 

6QCCC . 

2500. 

0.25 

9.0 

2.22 

75000. 

3000. 

0.25 

8.0 

2.14 

75. 

44000. 

6000. 

0.44 

9.7 

2.66 

520C0. 

2500. 

0.25 

11.8 

2.62 

■6C0CQ. 

2500. 

0.25 

11.0 

2.52 

75000. 

3000. 

0.25 

9.9 

2.43 

100. 

440CO. 

6000. 

0.44 

11.2 

2.93 

52000. 

2500. 

0.25 

13.7 

2.  88 

60000. 

2500. 

0.25 

12.7 

2.78 

75000. 

3000. 

0.25 

11.4 

2.67 

150. 

44000. 

6C00. 

0.44 

13.7 

3.40 

52000. 

2500. 

0.25 

16.7 

3.33 

6C0C0. 

2500. 

0.25 

15.6 

3.20 

75000. 

3000. 

0.25 

13.9 

3.07 

200. 

440C0. 

6000. 

0.44 

15.8 

3.78 

5  2  0  C  0  • 

2500. 

0.25 

19.3 

3.71 

6COOO. 

2500. 

0.25 

18.0 

3.56 

75000. 

3000. 

0.25 

16.1 

3.41 

250. 

440C0. 

6C0C. 

C.44 

17.7 

4.13 

52OC0. 

2500. 

0.25 

21.6 

4.05 

6C0C0  .’ 

250C. 

0.25 

20.1 

3.  88 

— 75CC0. 

3000. 

0.25 

18.0 

3.71 

300. 

440C0. 

6000. 

0.44 

19.4 

4.44 

520  CO . 

2  500. 

0.25 

23.7 

4.35 

6C0C0. 

2500. 

0.25 

22.0 

4.17 

750  CO . 

3000. 

C.25 

19.7 

3.98 

350. 

44CC0. 

6000. 

0.44 

20.9 

4.72 

520CC. 

2  5CC  . 

0.25 

25.6 

4.63 

6CCCC. 

2  50C  . 

0.25 

23.8 

4.43 

750CC. 

3C0C. 

0.25 

21.3 

4.23 

3-1 52B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0,25<^c=  e<SLc 

<2.  00,  d> 

V 

=  0,  2000 

Sf'  SS 

c 

6000,  d  = 

0.9  D) 

Ls  q 

£dy 

£» 

c 

^Sc 

D 

Ct 

ft  ©A  -  psi 

pai 

Psi  - 

—  pal 

in. 

■  $/ sq  ft 

7.0  0.7  10. 

44000. 

3500. 

0.28 

4.7 

1.57 

520CC. 

250Q. 

0.25 

4.5 

1.53 

60000. 

250Q. 

0.25 

4.5 

1.53 

75CC0. 

3000. 

0.25 

4.5 

1.57 

25. 

44COO. 

6000. 

0.47 

5.7 

1.91 

52OC0. 

2500. 

C.25 

7.2 

1.90 

60000. 

2500. 

0.25 

6.7 

1.84 

75CC0. 

3000. 

0.25 

6.0 

1.79 

50. 

440C0. 

6000. 

0.47 

8.0 

2.33 

52CCO. 

2500. 

0.25 

10.1 

2.32 

60000. 

2500. 

0.25 

9.4 

2.24 

7500C. 

3000. 

0.25 

8.4 

2.16 

75. 

44000. 

6000. 

0.47 

9.8 

2.66 

52000. 

2500. 

0.25 

12.4 

2.65 

60000. 

2500. 

0.25 

11.5 

2.55 

750 00. 

3C00. 

C.25 

10.3 

2.45 

100. 

44000. 

600C  . 

0.47 

11.3 

2.94 

52C00 • 

2500. 

0.25 

14.3 

2.92 

60000. 

2500. 

0.25 

13.3 

2.81 

750CC. 

3000. 

C.25 

11.9 

2.70 

150. 

44000. 

6000. 

0.47 

13.8 

3.40 

5200C. 

2500. 

C.25 

17.5 

3.38 

6COCO. 

250C  • 

0.25 

16.3 

3.24 

' 

75CCC. 

3000. 

0.25 

14.6 

3.10 

200. 

44000. 

6000. 

0.47 

16.0 

3.79 

520CC. 

2500. 

0.25 

20.2 

3.77 

6000C . 

250C. 

0.25 

18.9 

3.61 

75000. 

3000. 

0.25 

16.9 

3.45 

250. 

44000. 

6000. 

0.47 

17.9 

4.13 

520CC. 

25CC. 

C.25 

22.6 

4.11 

60000.’ 

2500. 

C.25 

21.1 

3.93 

75CC0. 

3CCC. 

C.25 

18.9 

3.75 

300. 

440C0. 

6000. 

0.47 

19.6 

4.44 

52000. 

2500. 

C.25 

24.8 

4.41 

60000. 

2500. 

C.25 

23.1 

4.22 

750C0. 

300C. 

C.25 

2C.6 

4.02 

350. 

44GCC. 

6G0C. 

0.47 

21.1 

4.73 

52000. 

250C. 

C.25 

26.8 

4.70 

6CCCC. 

2500. 

0.25 

24.9 

4.49 

750CC. 

3000. 

C.25 

22.3 

4.28 

3-1 53B 


TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25S(*  =  e6 

'  sc 

L^  2'00’ 

=  0,  2000 

~  *  c~ 

6000,  d  = 

0.9  D) 

LS  q 

fdy 

f' 

C 

^Sc 

D 

Ct 

ft  —  e*>-  pai 

pai 

P3i  - 

-  ^E£L 

—  in. 

--  $/  aq  ft 

7.0  0.6  10. 

44CCC. 

2500. 

,  c  j5 

4.5 

1.56 

52000. 

2500. 

0.35 

4.5 

1.58 

6COOC. 

3000. 

0.35 

4.5 

1.59 

75000. 

35CC. 

C.35 

4.5 

1.63 

_ _ _ 25.t_ 

44CC0. 

6000. 

0.50 

5.7 

1.92 

52000. 

2500. 

C.35 

6.3 

1.86 

60000. 

3000. 

0.35 

5.9 

1.80 

7500C. 

3500. 

0.35 

5.3 

1.75 

50. 

440CC. 

6000. 

0.50 

8.1 

2.35 

520C0. 

2500. 

0.35 

8.9 

2.26 

60CC0. 

3C0C. 

0.35 

8.3 

2.19 

75CCC. 

35  CC  • 

0.35 

7.4 

2.12 

75. 

44000. 

6C00. 

0.50 

9.9 

2.68 

52000. 

2500. 

0.35 

10.9 

2.57 

' 6C000. 

3000. 

0.35 

10.2 

2.48 

750CO. 

3500. 

0.35 

9.1 

2.39 

100. 

44000. 

6000. 

C  .50 

11.5 

2.96 

52000. 

2500. 

0.35 

12.6 

2.83 

6C0C0. 

3000. 

0.35 

11.8 

2.73 

75CC0. 

350C  . 

0.35 

10.5 

2.63 

150. 

44000. 

6000. 

0.50 

14.0 

3.43 

52000. 

2500. 

0.35 

15.5 

3.27 

6CCC0. 

3CCC. 

0.35 

14.4 

3.14 

75CC0. 

3500. 

0.35 

12.9 

3.02 

200. 

44CC0. 

,6000. 

C  .  50 

16.2 

3.83 

52C00. 

2500. 

C.35 

17.9 

3.64 

6CCC0. 

3000. 

0.35 

16.6 

3.49 

75000. 

3500. 

0.35 

14.9 

3.35 

250. 

44  COO . 

6000. 

0.50 

18.  1 

4.17 

520C0. 

2500. 

0.35 

20.0 

3.97 

60000. 

300C. 

0.35 

18.6 

3.80 

75000. 

350C. 

C.35 

16.6 

3.64 

3C0. 

44000. 

6000. 

C.5C 

19.9 

4.49 

52CCC. 

250C. 

C.35 

21.9 

4.26 

6CG00. 

3000. 

0.35 

20.4 

4.08 

7500C. 

3500. 

C.35 

18.2 

3.91 

350. 

440CC. 

6C0C. 

C.50 

21.5 

4.78 

52CCC. 

250C  . 

0.35 

23.6 

4.54 

60CC0. 

3C0C. 

0.35 

22.0 

4.34 

75CCC. 

35CC. 

0.35 

19.7 

4.15 

3-154B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


v  ec 

e  <t>.  ZS 
Lc 

2.  00,  ?$v  = 

0,  2000 

^  C 

3000,  d  = 

0.  9  D) 

L_  " 

f  , 

f1 

S 

q 

dy 

C 

pSc 

D 

Ct 

ft  o*- 

psi 

psi 

psi 

psi 

in, 

$/sq  ft 

o 

• 

H 

in 

• 

o 

H 

10. 

44  0CC . 

2500. 

0.25 

6.4 

1.89 

52000. 

250C. 

0.25 

5.9 

1.82 

60000. 

2500. 

0.25 

5.5 

1.77 

75000. 

3000. 

0.25 

4.9 

1.72 

44QC0. 

2500. 

0.25 

10.2 

2.47 

52000. 

2500. 

0.25 

9.3 

2.37 

6C0C0. 

2500. 

0.25 

8.7 

2.29 

75000. 

3000. 

0.25 

7. a 

2.21 

.50. _ 

.44000. _ 

.250,0 

0.25 

14.4 

3.13 

52000. 

2500. 

0.25 

13.2 

2.99 

60000. 

250C. 

0.25 

12.3 

2.87 

75000. 

3000. 

0.25 

11.0 

2.76 

75. 

44000. 

2500. 

0.25 

17.6 

3.64 

52000. 

2500. 

0.25 

16.2 

3.46 

6C9C0. 

2500. 

0.25 

15.1 

3.32 

75000. 

3000. 

0.25 

13.5 

3.19 

100. 

44000. 

2500. 

0.25 

20.3 

4.07 

52000. 

2500. 

0.25 

18.7 

3.86 

60000. 

2500. 

0.25 

17.4 

3.70 

75000 . 

3000. 

C.25 

15.6 

3.54 

150. 

4400C. 

2500. 

0.25 

24.9 

4.78 

5200C. 

2500. 

0.25 

22.9 

4.53 

60000. 

2500. 

0.25 

21.3 

4.33 

750GC. 

3000. 

0.25 

19.1 

4.14 

200. 

44000. 

250C. 

0.25 

28.7 

5.39 

520C0. 

2500. 

0.25 

26.4 

5.09 

60000. 

2500. 

0.25 

24.6 

4.86 

75000. 

3000. 

0.25 

22.0 

4.64 

250. 

44000. 

2500. 

0.25 

32.1 

5.92 

52000. 

2500. 

0.25 

29.5 

5.59 

600CQ 

2500. 

0.25 

27.5 

5.33 

75000. 

3CCC. 

0.25 

24.6 

5.09 

300. 

44000. 

250C. 

0.25 

35.2 

6.40 

520CC. 

2500. 

0.25 

32.4 

6.04 

6QGQ0 . 

2500. 

0.25 

30.1 

5.76 

75000. 

3000. 

0.25 

26.9 

5.49 

350. 

44CC0 . 

2500. 

0.25 

38.0 

6.84 

52QC0. 

250C. 

C.25 

35.0 

6.45 

60000. 

2500. 

0.25 

32.5 

6.15 

75000. 

30CC. 

0.25 

29.1 

5.86  ~ 

TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25<;sS  =  e  2.  00,  $  =  0,  2000^f'  <^6000,  d  =  0.  9  D  ) 

SC  LC  V  C 


LS  q 

fdy 

ft  — 

C 

^Sc 

D 

Ct 

ft  a*.  psi 

psi 

psi  •—  . 

psi 

in. 

$/sq  ft 

10.5  0.9  10. 

449CQ. 

6000. 

0.41 

5.3 

1.85 

52QC0. 

2000. 

C  .25 

6.2 

1.79 

6  00  C  0 . 

2500. 

0.25 

5.8 

1.74 

750CQ. 

3C0n. 

0.25 

5.2 

1.69 

25. 

44000 . 

6000. 

0.41 

8.3 

2.41 

52000. 

2000. 

0.25 

9.8 

2.32 

60000. 

2500. 

0.25 

9.1 

2.24 

75000. 

3000. 

0.25 

8.2 

2.16 

50. 

44000. 

6000. 

0.41 

11.8 

3.05 

52000. 

2000. 

0.25 

13.8 

2.92 

600C0. 

2500. 

0.25 

12.9 

2.81 

75000. 

3000. 

0.25 

11.5 

2.69 

75. 

44000. 

6000. 

0.41 

14.4 

3.54 

52000. 

2000. 

0.25 

17.0 

3.38 

■■6C0C0. 

2500. 

0.25 

15.8 

3.24 

75000. 

3000. 

0.25 

14.1 

3.10 

100. 

44000. 

6000. 

0.41 

16.6 

3.95 

520C0. 

20CC. 

0.25 

19.6 

3.77 

6C0C0. 

2500. 

0.25 

18.2 

3.60 

750CC. 

3000. 

0.25 

16.3 

3.44 

150. 

44CC0. 

600C. 

0.41 

20.4 

4.64 

520CC. 

2000. 

0.25 

24.0 

4.42 

6C0CC. 

2500. 

C.25 

22.3 

4.22 

75000. 

3000. 

0.25 

20.0 

4.02 

200. 

440C0. 

6CCC. 

0.41 

23.5 

5.22 

52000. 

2000. 

0.25 

27.7 

4.96 

6C0C0. 

250C. 

0.25 

25.8 

4.73 

750CC . 

300C. 

0.25 

23.1 

4.51 

250. 

44000. 

6000. 

0.41 

26.3 

5.73 

520CO. 

2000. 

0.25 

31.0 

5.44 

60CC0 . 

2500. 

0.25 

28.8 

5.19 

75CCC. 

3CCC. 

0.25 

25.8 

4.94 

300. 

44CCO. 

6000. 

0.41 

28.8 

6.20 

520C0. 

2000. 

0.25 

33.9 

5.88 

6CCC0. 

2500. 

0.25 

31.6 

5.60 

75  0  CO . 

30CC. 

0.25 

28.2 

5.32 

350. 

440CC . 

6C0C. 

0.41 

31.1 

6.62 

52CCC. 

2000. 

0.25 

36.6 

6.28 

6CCC0. 

2  5  C  0 . 

0.25 

34.  1 

5.  98 

75CCC. 

3C0C. 

0.25 

30.5 

5.68 

3-156B 


TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
OR.THOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25^*L  =  e  i> 

'  SC 

T  ^  2.  00,  <t>  = 
Lc  v 

0,  2000^f' 

c 

5000,  d  = 

0.9  D  ) 

Lc 

S  q 

fdy 

V 

c 

“  ^Sc 

D 

Ct 

ft  <*-  pal 

psi 

pst 

psi 

in. 

$/sq  ft 

10.5  0.8  10. 

44000. 

6000., 

0.44 

5.3 

1.84"" 

52000. 

2CCC. 

0.25 

6.5 

1.79 

60000. 

2000. 

0.25 

6.0 

1.74 

750C0. 

2500. 

0.25 

5.4 

1.69 

25. 

44000. 

6000  . 

0.44 

8.4 

2.39 

52000. 

200C  . 

0.25 

10.3 

2.32 

60000. 

2000. 

0.25 

9.5 

2.24 

750C0 . 

2500. 

0.25 

8.5 

2.16 

50. 

44000. 

6000. 

0.44 

11.9 

3.02 

52000. 

2000. 

0.25 

14.5 

2.92 

60000. 

2000. 

0.25 

13.5 

2.81 

75000. 

2500, 

0.25 

12.1 

2.69 

75. 

440CC. 

6C00  . 

0.44 

14.5 

3.50 

52000. 

2000. 

0.25 

17.8 

3. 38 

•6000C  • 

200C. 

0.25 

16.5 

3.24 

750CC. 

2500. 

0.25 

14.8 

3.09 

100. 

44000. 

6000. 

0.44 

16.8 

3.91 

52000. 

2000. 

0.25 

20.5 

3.77 

60000. 

2000. 

0.25 

19.1 

3.61 

75000. 

2500. 

0.25 

17.1 

3.44 

150. 

4400C. 

6CC0. 

0.44 

20.5 

4.59 

52OC0. 

2000. 

0.25 

25.1 

4.42 

6000C. 

2000. 

0.25 

23.4 

4.22 

75000  • 

2500. 

0.25 

20.9 

4.01  ' 

200. 

440CC. 

6000. 

0.44 

23.7 

5.16 

52000. 

2000. 

"  0.25 

29.0 

4.96 

600CC. 

2000. 

0.25 

27.0 

4.74 

75  0  CO . 

2500. 

0.25 

24.1 

4.50 

250. 

440CC  . 

60CC  . 

0.44 

26.5 

5.66 

520CC. 

2000. 

0.25 

32.4 

5.44 

6  C  0  C  0  » ' 

2000. 

0.25 

30.2 

5.19 

75 0  C 0  . 

2500. 

0.25 

27.0 

4.92 

300. 

440C0. 

6CCC  . 

0.44 

29.0 

6.12 

52CG0. 

2000. 

0.25 

35.5 

5.88 

6000G. 

2000. 

0.25 

33.1 

5.60 

750C0. 

2500. 

0.25 

29.6 

5.31 

350. 

44CC0. 

6000. 

C  .4  4 

31.4 

6.54 

520CC. 

20  00. 

0.25 

38.4 

6.28 

6C0C0. 

2CCC. 

0.25 

35.7 

5.98 

750C0. 

2  500. 

0.25 

31.9 

5.66 

i- I 57B 


TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED -END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


<0.2SSrf.c  . 

2.00.  6 
'  V 

=  0,  2000S  £' 

'  <6000, 
c 

d  =  0.  9  D) 

Ls 

q 

fdy 

psi 

f 

C 

^Sc 

D 

Ct 

ft  -  c*4- 

psi 

pai 

Psi  . 

in. 

—  $/aq  ft 

10.5  C.7 

10. 

440CO. 

6000. 

0.47 

5.4 

1.B4 

52000. 

20C0. 

0.25 

6.8 

1.81 

6C0C0. 

2000. 

0.25 

6.3 

1.76 

75000. 

2500. 

0.25 

5.7 

1.70 

25. 

44000. 

6000. 

0.47 

8.5 

2.40 

520CO. 

2000. 

0.25 

10.7 

2.35 

60000. 

2000. 

0.25 

10.0 

2.27 

75000. 

2500. 

C.25 

8.9 

2.18 

50. 

44000. 

6000. 

0.47 

12.0 

3.02 

520CC. 

2000. 

0.25 

15.2 

2.96 

6C0C0. 

2C00. 

0.25 

14.1 

2.84 

75000. 

2500. 

0.25 

12.6 

2.72 

75. 

44000. 

6000. 

C  .47 

14.7 

3.51 

52000. 

2000. 

0.25 

18.6 

3.43 

6C0CC. 

2CC0  • 

0.25 

17.3 

3.28 

75OC0. 

2500. 

0.2  5 

15.  6 

3.13 

100. 

440C0. 

6000  • 

0.47 

17.0 

3.91 

520C0. 

2000. 

0  .25 

21.5 

.  3.82 

6Q0CC. 

2000. 

0.25 

20.0 

3.65 

75000. 

2  5C0  . 

0.25 

17.9 

3.48 

150. 

44000. 

6  0  CC  0 

0.47 

20.8 

4.59 

52000. 

2  C  00  • 

0.25 

26.3 

4.48 

6CC0C. 

2000. 

0.25 

24.5 

4.28 

75000. 

2500. 

0.25 

21-9 

4.06 

200. 

44CC0. 

6000. 

0.47 

24.0 

5.17 

52000. 

2000. 

0.25  . 

30.4 

5.04 

GCCC0. 

2000. 

0.25 

28.3 

4.80 

75000. 

2500. 

0.25 

25.3 

4.56 

250. 

44000. 

6C0C. 

0.47 

26.8 

5.67 

52000 • 

2C0C. 

0.25 

34.0 

5.53 

6cccc; 

2CCC. 

0.25 

31.6 

5.27 

75000 '. 

25CC. 

"0.25 

28.3 

4.99 

300. 

44000. 

6000. 

0.47 

29.4 

6.13 

52  0CC . 

2C0C. 

0.25 

37.2 

5.97 

6CC0C. 

2CCC  . 

0.25 

34.6 

5.69 

75CC0. 

25CC  . 

0.25 

31.0 

5.38 

350. 

44000. 

60  0C  . 

0.47 

31.7 

6.55 

520CC. 

20  00. 

0.25 

40.2 

6.38 

6C0CC. 

20CC. 

C.25 

37.4 

6.07 

75000. 

250C. 

0.25 

33.5 

5.74 

?-i  :.8B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHO  TROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25<^c 

=  e^Lc~ 

.  2.00,  4>  = 
V 

0,  2000 

*  C 

6000,  d  = 

0.  9  D) 

LS 

q 

fdy 

f' 

C 

^Sc 

D 

Ct 

ft 

psi 

psi 

psi 

—  psi 

in. 

$/sq  ft 

10. 5  0.6 

10. 

44C0C. 

2CCC. 

0.35 

6.5 

1.83 

52000. 

2CCC. 

0.35 

6.0 

1.77 

60000. 

2500. 

C  .35 

5.6 

1«|72 

75CC0. 

3C0C. 

0.35 

5.0 

1.67 

25. 

44CCC. 

2000. 

0.35 

10.3 

2.38 

520C0 .  ■ 

2000. 

0.35 

9.5 

2.29 

60000. 

250C. 

0.35 

8. a 

2.21 

750CC . 

3000. 

0.35 

7.9 

2.13 

50. 

440C0. 

2000. 

C.35 

14.6 

3.01 

52000. 

2000. 

0.35 

13.4 

2.87 

6000C. 

2500. 

0.35 

12.5 

2.76 

75C00. 

3000. 

0.35 

11.2 

2.65 

75. 

440C0. 

2000. 

0.35 

17.8 

3.48 

520C0. 

2000. 

0.35 

16.4 

3.31 

60000. 

2500. 

0.35 

15.3 

3.18 

750CQ. 

3000. 

0.35 

13.7 

3.04 

100. 

44GC0. 

2000. 

0.35 

20.6 

3.89 

520C0. 

2000. 

0.35 

18.9 

3.69 

600CC. 

2500. 

0.35 

17.6 

3.53 

750 CO. 

3000. 

0.35 

15.8 

3.38 

150. 

44000. 

200C. 

0.35 

25.2 

4.56 

52000. 

2000. 

0.35 

23.2 

4.32 

6C0C0. 

2500. 

0.35 

21.6 

4.13 

750C0. 

3000. 

0.35 

19.3 

3.94 

200. 

44000. 

2C0C. 

0.35 

29.1 

5.13 

52QC0. 

200C. 

0.35 

26.6 

4.86 

60000. 

2500. 

0.35 

24.9 

4.63 

7  5  0  C  0  . 

300C  • 

0.35 

22.3 

4.41 

250 . 

44CCC. 

200C. 

0.35 

32.6 

5.63 

52000. 

2C0C. 

0.35 

30.0 

5.3Z 

60000; 

2500. 

0.35 

27.9 

5.07 

750C0. 

3000. 

0.35 

24.9 

4.83 

300. 

44CCC. 

2000. 

0.35 

35.7 

6.09 

520C0. 

2C0C. 

0.35 

32.8 

5.75 

6CCC0. 

250C  . 

0.35 

30.6 

5.47 

75CC0. 

3000. 

0.35 

27.3 

5.21 

350. 

440CC. 

2C0C. 

0.35 

38.5 

6.50 

520C0 . 

2000. 

0.35 

35.4 

6.14 

60CCC. 

2500. 

0.35 

33. C 

5.84 

75GC.O. 

3000. 

0.35 

29.5 

5.55 

3-1 59B 


TABLE  2-40  (Corn'd) 

MINIMUM  IN  -PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHO  TROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.  25^lr  <i  -  e 

SC  JLt 

2.  0U,  6 

iy 

-  i'.  2000;= 

6000,  d  -  0. 

9  D) 

L 

f 

fi 

S  _  q 

dy 

psi 

C 

bC 

D 

Ct 

ft  ©4.  psi 

psi 

psi 

in. 

$/sq  ft 

14.0  1.0  10. 

44  CC'C. 

2CCC  • 

C.25 

8.6 

2.19 

520C  j. 

2CQC. 

0.25 

7.9 

2.10 

6CCCC. 

25C0. 

0.25 

7.3 

2.03 

750CC. 

3CC0. 

0.25 

6.6 

1.97 

25. 

440C0. 

20  OC. 

0.25 

13.5 

2.95 

52CC0. 

20CC. 

C.25 

12.5 

2.81 

6GQC0. 

250C. 

0.25 

11.6 

2.70 

75CC0. 

3Q0C  • 

C.25 

1C. 4 

2.60 

50. 

44CCC. 

20  OC. 

C.25 

19.1 

3.  81 

52CCC. 

2C0G. 

C.25 

17.6 

3.61 

6CDG0 . 

25CC. 

C.25 

16.4 

3.46 

75CC0. 

300C  . 

C.25 

14.7 

3.31 

75. 

440CC. 

2CCC. 

0.25 

23.5 

4.46 

52001 • 

2G00  • 

0.25 

21.6 

4.23 

• 6CCC0. 

2500. 

0.25 

20.1 

4.04 

75CC0. 

3000  • 

C.25 

18.0 

3.86 

100. 

440CC . 

2C0C. 

C.25 

27.1 

5.02 

52QCC . 

20CC. 

C.25 

24.9 

4.75 

6C0C0. 

2500. 

0.25 

23.2 

4.53 

750CC. 

3000. 

0.25 

20. 7 

4.32 

150. 

440C0 . 

2C0C. 

0.25 

33.2 

5.95 

52C00 . 

2C OC  . 

C.25 

3C.5 

5.61 

6C0C0. 

2500. 

0.25 

28.4 

5.34 

750CC. 

3000. 

0.25 

25.4 

5.09 

200. 

44CC0 • 

2CCC. 

C.25 

38.3 

6.73 

52CC0. 

2C0C. 

C.25 

35.2 

6.35 

6C0CC . 

25CC. 

0.25 

32.8 

6.04 

75CCC. 

3CCC  . 

C.25 

29.3 

5.74 

2  50. 

44CCC. 

2C0C  . 

0.25 

42.8 

7.42 

520CC . 

2CCC  . 

C.25 

39.4 

6.99 

6CCCC  .' 

250C  . 

C.25 

36.7 

6.64 

75CCC. 

3C0C  . 

C.25 

32.8 

6.32 

3C0. 

44CC0. 

2CCC. 

C.25 

46.9 

8.05 

520CC. 

2C0C. 

C.25 

43.1 

7.58 

6C0CC . 

250C. 

0.25 

40.2 

7.19 

75CCC. 

3C0C. 

C.25 

35.9 

6.04 

350. 

440CC. 

2CCC. 

C.25 

50.7 

8.62 

52CCC . 

2C0C. 

C.25 

46.6 

8.11 

6CCCC. 

2500. 

0.25 

43.4 

7.70 

750CC . 

3CCC. 

C.25 

3  0.8 

7.31 

A.  r 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0-25  ^BC~- 

2.  oo,  i 

=  0,  2000 

—f'c  —(>000,  d  =  0. 

9  D) 

LS 

q 

fdy 

~  fl 

C 

dgc 

D 

Ct 

ft  o. 

pal 

pal 

-  pai 

—  pair 

In. 

$/aq  ft 

14.0  0.9 

10. 

44000. 

2000. 

0.25 

9.0 

2.15 

520C0. 

2000. 

0.25 

8.3 

2.06 

600  CO. 

2000. 

0.25 

7.7 

2.00 

7500C. 

2500. 

0.25 

6.9 

1.93 

25. 

44000. 

2000. 

0.25 

14.2 

2.89 

52000. 

2000. 

0.25 

13.1 

2.75 

60000. 

2000. 

0.25 

12.2 

2.65 

75000. 

2500. 

0.25 

10.9 

2.54 

_ 

440q0. 

2000. 

0.25 

20.1 

3.72 

52000. 

2000. 

0.25 

18.5 

3.53 

60000. 

2000. 

0.25 

17.2 

3.38 

75000. 

25C0. 

0.25 

15.4 

3.22 

75. 

44000. 

2000. 

0.25 

24.6 

4.36 

52000. 

20CC. 

0.25 

22.6 

4.12 

60000. 

2000. 

0.25 

21.1 

3.94 

750C0. 

25UC  . 

0.25 

18.8 

3.75 

100. 

440CC. 

2000. 

C.25 

28.4 

4.90 

52000. 

2000. 

0.25 

26.1 

4.63 

60000. 

2000. 

0.25 

24.3 

4.41 

75000. 

2500. 

0.25 

21.7 

4.19 

150. 

44000. 

2CC0. 

0.25 

34.8 

5.81 

52C0C. 

2000. 

0.25 

32.0 

5.47 

60OCC. 

2000. 

0.25 

29.8 

5.21 

75000. 

25CC. 

0.25 

26.6 

4.94 

200. 

44000. 

2000. 

0.25 

40.1 

6.57 

520CC. 

~ ' '2000. 

0.25 

36.9 

6.18 

6COCO. 

2000. 

0.25 

34.4 

5.87 

75000. 

2500. 

0.25 

30.7 

5.57 

250. 

44CC0. 

2000. 

0.25 

44.9 

7.24 

520C0. 

2000. 

C.25 

41.3 

6.80 

6  0  C  C  C  • 

2000. 

0.25 

38.4 

6.46 

"75000. 

2500. 

0.25 

34.4 

6.12 

300. 

44000. 

2000. 

0.25 

49.2 

7.85 

52CC0. 

2000. 

0.25 

45.2 

7.37 

60000. 

2000. 

0.25 

42.1 

7.00 

750 CO  . 

25C0. 

0.25 

37.7 

. 6.62 

350. 

44C00. 

2CCC. 

0.25 

53.1 

8.41 

520CC. 

2CC0. 

0.25 

48.9 

7.89 

6C0CC. 

2C00. 

0.25 

45.5 

7.49 

75000. 

2500. 

C.25 

4C.7 

7.08 

3-161B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED -END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25^«S  =  e  iS-i.  2.  00,  4  =  0,  2000^f'  ^6000,  d  =  0.9  D) 

SC  DC  V  c 


Ls 

R 

fdy 

~  f' 

c 

^Sc 

D 

Ct 

ft 

04  psi 

psi 

-  psi  - 

—  psi 

in. 

$/sq  ft 

14.0 

0.8  10. 

44000 ■ 

6000. 

0.44 

_  7>1 

2 . 14 

52OC0. 

2000. 

0.25 

a. 6 

2.07 

6C0CC. 

2000. 

0.25 

8.0 

2.00 

75000. 

200C. 

0.25 

7.2 

1.93 

. 25. 

44000. 

60QC. 

0.44 

11.2 

2.88 

520C0. 

2000. 

0.25 

13.7 

2.76 

600U0. 

2000. 

0.25 

12.7 

2.65 

750CC. 

200C. 

0.25 

11.4 

2.54 

_ _ _„5„Q,„ 

44000. 

6000. 

0.44 

15.8 

3.71 

52000. 

2000. 

C.25 

19.3 

3.54 

6000C. 

2000, 

0.25 

18.0 

3.38 

75000. 

2000. 

0.25 

16.1 

3.22 

75. 

44000. 

6000. 

0.44 

19.4 

4.34 

52000. 

2000. 

0.25 

23.7 

4.14 

6CC0C. 

20G0  . 

0.25 

22.0 

3.94 

75000. 

2000. 

0.25 

19.7 

3.75 

100. 

44000. 

6000. 

0.44 

22.4 

4.88 

* 

52000. 

2000. 

n.25 

27.3 

4.64 

6C0C0. 

2000. 

0.25 

25.5 

4.42 

750C0. 

200C. 

0.25 

22.8 

4.19 

1504 

44000. 

6000. 

0.44 

27.4 

5.78 

520CC. 

2000. 

0.25 

33.5 

5.48 

60QCC. 

2000. 

0.25 

31.2 

5.21 

750CC. 

2000. 

0.25 

27.9 

4.94 

200. 

44000. 

6000. 

0.44 

31.6 

6.53 

52000. 

'2000. 

0.25 

38.7 

6.20 

60000. 

2000. 

0.25 

36.0 

5.88 

7500C. 

2000. 

0.25 

32.2 

5.56 

250. 

44000. 

60C0. 

0.44 

35.4 

7.20 

52000. 

2000. 

0.25 

43.2 

6.82 

6CCC0, ' 

20C0. 

0.25 

40.2 

6.47 

750C0. 

2000. 

0.25 

36.0 

6.12 

300. 

440C0. 

6000. 

0.44 

38.7 

7.80 

5  2  0  0  C  • 

2CC0. 

0.25 

47.4 

7.39 

6C0C0. 

2000. 

0.25 

44.1 

7.01 

750C0. 

2000. 

0.25 

39.4 

6.62 

350. 

44CC0. 

6000. 

0.44 

41.8 

8.36 

52CCC. 

2C0C  . 

C.25 

51.2 

7.91 

60000. 

2COO. 

0.25 

47.6 

7.50 

75GCC. 

2G0C. 

0.25 

42.6 

7.08 

3-162B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25^si  =  e  jL  ^2,00,  ?S  =  0,  2000^  f'  ^6000,  d  =  0.  9  D) 

8  C  JwC  V  C 


Ls 

1 

fdy 

ft  - 

C 

-6 

Sc 

D 

Ct 

ft 

©4.  —  psi 

Psi 

psi 

.  psi 

in. 

-■  $/ sq  ft 

14.0 

0.7  10. 

440C0. 

6CCQ. 

0.47 

7.1 

2.15 

52000. 

2000. 

0.25 

9.1 

2.09 

60000. 

2CG0. 

0.25 

8.4 

2.02 

75CC0. 

2C0C. 

0.25 

7.5 

1.94 

25. 

44CG0. 

60C0. 

0.47 

11.3 

2.88 

5200C. 

2000. 

0.25 

14.3 

2.60 

60000. 

2000. 

0.25 

13.3 

2.68 

75000. 

2COO. 

0.25 

11.9 

2.56 

50. 

44000. 

6000. 

C.47 

16.0 

3.71 

52000. 

2000. 

0.25 

20.2 

3.59 

60000 • 

2C0C. 

0.25 

18.9 

3.43 

75000. 

2000. 

0.25 

16.9 

3.26 

75. 

44000. 

6000. 

0.47 

19.6 

4.35 

52060. 

2C0C. 

0.25 

24.8 

4.20 

60000. 

2000. 

0.25 

23.1 

4.00 

750CO:. 

2666. 

0.25 

20. '6 

3.80 

100. 

44000. 

6000. 

0.47 

22.6 

4.89 

52000. 

2000. 

0.25 

28.6 

4.72 

60000. 

2000. 

0.25 

26.7 

4.49 

75000. 

2000. 

0.25 

23.8 

4.25 

150. 

44000. 

6000. 

C.47 

27.7 

5.79 

520C0. 

200C. 

C.  25 

35.1 

5.58 

6CGCC . 

2000. 

C.25 

32.6 

5.30 

750C0. 

2C00. 

0.25 

29.2 

5.00 

200. 

4  4  0  C  0  . 

6000. 

0.47 

32.0 

6.55 

520C0. 

2000. 

0.25 

40.5 

6.30 

60GCO. 

2000. 

0.25 

37.7 

5.98 

75C0C . 

200C. 

0.25 

33.7 

5.64 

250. 

44COO. 

6C0C. 

0.47 

35.7 

7.21 

52CC0. 

2000. 

0.25 

45.3 

6.94 

60UCC. • 

2CCC. 

0.25 

42.1 

6.58 

750CC. 

2C0C. 

C.25 

37.7 

6.20 

300. 

440C0. 

6C0C. 

0.47 

39.1 

7.82 

52000. 

2000. 

0.25 

49.6 

7.52 

60000. 

2000. 

0.25 

46.2 

7.13 

75000. 

2000. 

0.25 

41.3 

6.71 

350. 

44CCC. 

6000. 

0.47 

42.3 

8.38 

520C0. 

2C0C. 

0.25 

53.6 

8.06 

60000. 

2000. 

0.25 

49.9 

7.63 

75000. 

2000. 

0.25 

44.6 

7.18 

3-163B 


TABLE  3-40  (Coat'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.  25-=(S  =  ed,  _  —  2.  00,  &  =  0,  2000^f' 6000,  d  =  0. 9  D  ) 

BC  JjC  V  C  ' 


LS  q 

f  , 
dy 

fl  - 

C 

^Sc 

D 

Ct 

ft  psi 

pai 

psi 

psi 

in. 

$/sq  ft1 

14.0  0.6  10. 

440  CC  . 

2  CCO . 

0.35 

8.7 

2.12- 

520CC. 

200C. 

0.35 

8.0 

2.0$' 

6CCCC. 

2C00. 

0.35 

7.4 

1.97 

750C0. 

2500. 

0.35 

6.7 

1.90 

_  25. 

44000. 

2C00. 

0.35 

13.7 

2.84 

5230C. 

2000. 

0.35 

12.6 

2.70 

60000. 

2000. 

0.35 

11.8 

2.60 

75000. 

2  5  00. 

0 .35 

" 10.5  " 

2.49” 

_  50. 

44000. 

2CCC. 

0.35 

19.4 

3.65 

520CC. 

2000. 

0.35 

17.9 

3.46 

600CC. 

2C0C. 

0.35 

16.6 

3.31 

750 CO  . 

2500. 

0.35 

14.9 

3.16 

75. 

44000. 

2000. 

0.35 

23.8 

4.27 

520C0. 

2C0C. 

0.35 

21.9  " 

“4.04 

•6C0C0. 

2000. 

0.35 

20.4 

3.86 

753CC . 

2500. 

C.  35 

18.2 

3.68" 

100. 

440CC. 

2000. 

0.35 

27.5 

4.80 

520CC. 

2000. 

0.35 

25.3 

4.53 

ococo. 

2000. 

0.35 

23.5 

4.32 

75000. 

250C. 

0.35 

21.0 

4.11 

150. 

440CO. 

2CQC. 

0.35 

33.6 

5.68 

52000. 

2CCC. 

0.35  ' 

30.9 

5.35 

6CCCC. 

2000. 

0.35 

28.8 

5.09 

75CC0. 

2500. 

0.35 

25.8 

4.83 

200. 

44000. 

2CC0. 

C  .35 

38.8 

6.42 

520CO. 

20CC. 

C  .35 

35.7 

6.04 

60CC0. 

2CCC  . 

C  .35 

33.3 

5.74 

75CC0. 

250C. 

0.35 

29.7 

5.45 

250. 

44CC0. 

20  CC  • 

0.35 

43.4 

7.07 

52CC0. 

2C0C. 

C.35 

39.9 

6.65 

6CCC0. ' 

2CCC. 

C  .35 

37.2 

6.32 

750  C  0. 

2  50C  . 

0.35 

33.3“ 

5.99 

300. 

44 000. 

2C0C. 

0.35 

47.6 

7.66 

52CCG. 

2CC0. 

0.35 

43.8 

7.20 

6CCCC. 

2000. 

0.35 

40.7 

6.84 

750  CC  •  • 

2500. 

0.35 

36.4 

6.47 

350. 

44000. 

2CCC. 

0.35 

51.4 

8.21 

52CC0. 

2C0C. 

0.35 

47.3 

7.71' 

6C0C0. 

2CCC. 

0.35 

44.0 

7.31 

75C0C. 

25CC. 

C.35 

39.4 

6.92 

3-164B 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


{0,25£< 


e  «ST  ^2.  00,  «S  =  0,  2000; 
Lc  v 


~f'  ;£  6000,  d  =  0.9  D) 
c  ' 


ft 


fdy 

P8i 


f* 

c 

-EiL 


*Sc 

-g£i_ 


D 

in. 


Ct 

$/  aq  ft 


LL.5  1.0  10. 

440C0. 

2000. 

0.25 

10.7 

2.49 

5PCC0 • 
60 COO. 

2C0C. 

2000. 

0.25 

0.25 

9.8 

9.2 

2.38 

2.29 

750C0. 

....  -4AC.0.0. 

2500. 

.2000. 

0.25 

0.25 

8.2 

16.9 

2.21 

3-4? 

52CC0. 

6CCC0. 

2000. 

2000. 

0.25 

0.25 

15.6 

14.5 

3.25 

3.11 

750C0. 

2500. 

0.25 

13.0  " 

2.98 

_ _ _ 

_ 440  QJ}.. 

2000. 

0.25 

23.9 

4-48 

520C0. 

2000. 

0.25 

22.0  ~ 

4.23 

. . . . . . . 

.  60000. 

2000. 

0.25 

20.5 

4.04 

75000. 

2500. 

0.25 

18.3 

3.85 

75. 

44C  0  0  « 

2000. 

0.25 

29.3 

5.28 

52000. 

2000. 

0.25 

27.0 

4.  98 

. 60000. 

2000. 

0.25 

25.1 

4.75 

75000. 

2500. 

0.25 

22.5 

4.52 

100. 

44000. 

2000. 

0.25 

33.8 

5.97 

52000. 

2000. 

0.25 

31.1 

5.62 

6COC0. 

2000. 

0.25 

29.0 

5.34 

750C0. 

2500. 

0.25 

25.9 

5.08 

150. 

44000. 

2000. 

0.25 

41.5 

7.11 

52000. 

2000. 

0.25 

38.1 

6.66 

.  _ _ 

60000. 

200C. 

0.25 

35.5 

6.35 

75000. 

2500. 

0.25 

31.8 

6.02 

200. 

44GCC  . 

200C. 

0.25 

47.9 

8.07 

520CC. 

200C. 

C  .25 

44.0 

7.58 

60000. 

20CC. 

0.25 

41.0 

7.19 

75000. 

2500. 

0.25 

36.7 

6.82 

_  250. 

4  4  0  C  0  . 

200C. 

0.25 

53.5 

8.92 

520CC. 

2000. 

0.25 

49.2 

8.37 

. . . 

60C.CC.- 

20CC. 

0.25 

45.8 

7.94 

750C0. 

2500. 

0.25 

41.0 

7.52 

. _ 300. 

440CC. 

2GC0. 

C.25 

50. 6 

9.69 

52CCC. 

2000. 

0.25 

53.9 

9.08 

6CCC0. 

2000. 

0.25 

50.2 

8.61 

75000. 

25CC. 

0.25 

44.9 

8.15 

350. 

44000. 

2000. 

C.25 

63.3 

10.39 

52CC0. 

2000. 

0.25 

58.3 

9.74 

6CCC0. 

200C. 

0.25 

54.2 

9.23 

75000. 

2  500. 

0.25 

48.5 

8.73 

3-165B 


TABLE  3-  40  (Cont'd) 

MINIMUM  IN  -  PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


<0-25— ^c=  e^Lc 

^2.00,  4 

V 

=  0,  200Q^f'c 

.•^6000, 

d  =  0 .  9  D) 

LS  q 

£dy 

fl 

C 

85  Sc 

D 

Ct 

ft  c*.  psi 

psi 

psi  — . 

psi 

in. 

$/sq  ft 

17.5  0.9  10. 

440CC. 

2C0C. 

C.25~~ 

11.2  “ 

2.45 

52000. 

2000. 

0.25 

1C. 3 

2.34 

60000. 

2000. 

0.25 

9.6 

2.25 

750CC. 

2C00. 

C.25 

8.6 

2.16 

25. 

44000. 

2000. 

C.25 

17.7 

3.36 

52000. 

2000. 

0.25 

16.3 

3.18 

60000. 

2000. 

0.25 

15.2 

3.05 

750CC. 

2000. 

0.25 

13.6 

2.91 

50. 

44000. 

2C0C. 

0.25 

25.1 

4.39 

52CC0. 

20CC. 

0.25 

23.1 

4.14 

6C0CC. 

2000. 

0.25 

21.5 

3.94 

75CC0. 

2000. 

0.25 

19.2 

3.75 

75. 

44QC0. 

2000. 

0.25 

3C.7 

5.17 

52000. 

2000. 

0.25 

28.3 

4.87 

.  600 CO. 

2000  • 

C.25 

26.3 

4.63 

750CC . 

2000. 

0.25 

23.5 

4.39 

100. 

44000. 

200C. 

0.25 

35.5 

5.84 

520C0. 

2000. 

0.25 

32.6 

5.49 

6C000. 

2000  . 

0.25 

30.4 

5.21 

759C0. 

2000. 

C.25 

27.2 

4.94 

150. 

440C0. 

2000. 

0.25 

43.5 

6.95 

52QOO. 

2CGC. 

0.25 

40.0 

6.52 

60000. 

2C0C. 

0.25 

37.2 

6.19 

75000. 

2000. 

0.25 

33.3 

5.35 

200. 

44000. 

2000. 

0.25 

5C.2 

7.09 

52GCO . 

'  2000. 

0.25 

46.2 

7.40 

60CCC. 

2C0C  . 

C.25 

43.0 

7.01 

750C0. 

2000. 

0.25 

38.4 

6.62 

250. 

440CC. 

200C. 

C  r  25 

56.1 

3.72 

52CICQ. 

2CCC  . 

0.25 

51.6 

8.17 

600CC-. 

2CC0. 

0.25 

48.0 

7.73 

75CC0. 

2C0C. 

0.25 

43.0 

7.29 

300. 

44000. 

2C0C. 

0.25 

61.5 

9.47 

520 CC. 

2CCC. 

0.25 

56.5 

8.86 

600  CO. 

2C00. 

0.25 

52.6 

8.39 

75CCC. 

2CC0. 

0.25 

47.1 

7.91 

350. 

440C.':. 

20CC  . 

0.25 

66.4 

10.16 

520 CO. 

2000. 

0.25 

61.1 

9.50 

60CCC. 

2C0C. 

C.25 

56.8 

8.99 

750CC . 

2000. 

0.25 

50.8 

8.47 

3-166B 


TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25^^^  = 

e  si.  ^  2.  00,  4 
IjC  v 

=  0,  20005*.i 

^  6000, 
c 

d  =  0. 

9  D  ) 

Ls 

q 

fdy 

£t  - 

c 

^Sc 

D 

Ct 

ft  o<. 

psi 

pal 

££i_ - 

pal 

inw 

$/sq  ft 

17.5  0.8 

10. 

44000. 

60C0. 

0.44  _ 

~"8.8' 

2.45 

52000. 

2000. 

0.25 

10.8 

2.34 

6C0C0. 

2000. 

0.25 

10.1 

2.26 

75000. 

2000. 

0.25 

9.0 

2.16 

25. 

44000. 

6000. 

0.44 

14.0 

3.36 

52000. 

2000. 

0.25 

17.1 

3.20 

6CQ00. 

2000. 

0.25 

15.9 

3.05 

75000. 

2000. 

0.25 

14.2 

2.91 

...5.0*. 

44000. 

6000. 

0.44 

19.8 

4.39 

52000. 

2000. 

0.25 

24.2 

4.15 

6C0C0. 

200C. 

0.25 

22.5 

3.96 

75C00. 

2000. 

0.25 

20.1 

3.75 

75. 

440C0. 

6000. 

0.44 

24.2 

5.18 

52000. 

2000. 

0.25 

29.6 

4.89 

6CQ0C. 

2000. 

0.25 

27.6 

4.65 

75CCC. 

2000. 

0.25 

24.6 

4.39 

100. 

44COO* 

6CQC. 

0.44 

28.0 

5.85 

520CC. 

2000. 

0.25 

34.2 

5.51 

6000C. 

200C. 

0.25 

31.8 

5.23 

75000. 

2000. 

0.25 

28.5 

4.93 

150. 

44000. 

6000. 

0.44 

34.2 

6.97 

52000. 

2000. 

0.25 

41.9 

6.55 

6C0C0. 

2000. 

0.25 

39.0 

6.21 

75000. 

2Q0C. 

0.25 

34.9 

5.84 

200. 

44UQ0. 

6000. 

C  .44 

39.5 

7.91 

52000. 

2000. 

0.25 

48.3 

7.43 

60CCO. 

200C. 

0.25 

45.0 

7.03 

75000. 

2000. 

0.25 

4C.2 

6.61 

250. 

44000. 

6000. 

0.44 

44.2 

8.74 

52000. 

2000. 

0.25 

54.0 

8.20 

6  0  0  C  O'. 

2000. 

0.25 

50.3 

7.76 

7500C. 

2000. 

0.25 

45.0 

7.29 

300. 

440CC . 

600C. 

0.44 

48.4 

9.49 

52000. 

2000. 

0.25 

59.2 

8.90 

6CQC0 • 

2000. 

0.25 

55.1 

8.41 

75CC0. 

2000  • 

0.25 

49.3 

7.90 

350. 

44000. 

600C. 

0.44 

52.3 

10.18 

520CO.  2 COO.  0.25  63.$  9.54 
6C00C.  200C.  0.25  59.5  9.02 
750CC. 2000.  0.25  53.2  8.46 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25^«Ssc  =  e  <4Lc^  2.00,  =  0,  ZOOO^V^  6000,  d  =  0.9  D) 


S  q 

fdy 

ft  - 

C 

^Sc 

D 

Ct 

ft  -  cx  psi 

psi 

,psi  - 

psi 

in.  - 

$/sq  ft 

17.5  0.7  10. 

44000  • 

6000. 

C.47 

8.9 

2.46 

52000. 

2000. 

0.25 

11.3 

2.38 

60000. 

2000. 

0.25 

10.5 

2.28 

75CCC. 

2000. 

0.25 

9.4 

2.18 

25. 

44000. 

6000  . 

0.47 

14.1 

3.37 

52000.  1 

2000. 

0.25 

17.9 

3.25 

60000. 

2000. 

C.25 

16.7 

3.10 

750C0. 

2000. 

0.25 

14.9 

2.94 

50. 

44000. 

6000. 

0.47 

20.0 

4.40 

52000. 

2000. 

0.25 

25.3 

4.23 

600CC. 

2000. 

0.25 

23.6 

4.02 

7500C. 

2000. 

0.25 

21.1 

3.80 

75. 

44000. 

6000. 

0.47 

24.5 

5.19 

520 CO . 

2C0C. 

0.25 

31.0 

4.98 

•6C00C. 

2000. 

0.25 

28.9 

4.73 

75d€C. 

2000. 

0.25 

25.8 

4.45 

100. 

44000. 

600C. 

0.47 

28.3 

5.86 

52000. 

2000. 

0.25 

35.8 

5.61 

60000. 

2000. 

0.25 

33.3 

5.32 

75000. 

2000. 

0.25 

29.8 

5.01 

150. 

44000. 

6000. 

0.47 

34.6 

6.98 

52000. 

2000. 

0.25 

43.8 

6.67 

60C0C. 

2000. 

0.25 

40.8 

6.32 

750C0. 

2000. 

0.25 

36.5 

5.93 

200. 

44000. 

6000. 

0.47 

4C.0 

7.92 

52000. 

2000. 

0.25 

50.6 

7.57 

6C0CQ . 

2000. 

0.25 

47.1 

7.16 

75000. 

2000. 

0.25 

42.1 

6.71 

250. 

440C0. 

6000. 

0.47 

44.7 

8.76 

52000. 

2000. 

0.25 

56.6 

8.36 

60000  . " 

2000. 

0.25 

52.7 

7.90 

750CO. 

2000. 

0.25 

47.1 

7.40 

300. 

44001). 

600C. 

0.47 

48.9 

9.51 

52000. 

2CCC  . 

0.25 

62.0 

9.07 

6CC0C. 

2C0C. 

0.25 

57.7 

8.57 

75000.  ~ 

2000. 

0.25 

51.6 

8.02 

350. 

44000. 

6000. 

0.47 

52.9 

10.20 

52000. 

2000. 

0.25 

67.0 

9.73 

6CC00 . 

2000. 

0.25 

62.3 

9.19 

75CCC . 

200C. 

0.25 

55.  8 

8.60 

3-168E 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0  25^s5  =  e  i,  ^2.00,5$  =  0,  2000^.  f'  <L  6000,  d  =  0. 9  D) 

'  — sc  Lc  v  c 


Ls  q 

fdy 

fl 

C 

^Sc 

D 

Ct 

ft  —  c*.  psi 

psi 

JSlL  — 

Psi- 

in. 

$/aq  ft 

17.5  0.6  10. 

44000. 

2000. 

0.35 

10,9 

2.41 

520C0 . 

2000. 

0.35 

10. 0 

2.30 

6CQC0. 

2000. 

0.35 

9.3 

2.21 

750C0. 

2000. 

0.35  . 

6.3 

2.13 

25. 

44000. 

2000. 

0.35 

17.2 

3.29 

520C0 . 

2000. 

0.35 

15.8 

3.12 

600C0. 

2000. 

0.35 

14.7 

2.99 

75000. 

2000. 

0.35 

13.1 

2.86 

50. 

44000. 

2000  . 

0.35 

24.3 

4.29 

520C0. 

2000. 

0.35 

22.3 

4.05 

6  0  0  C  0  . 

2000. 

0.35 

20.8 

3.86 

75000. 

2000. 

0.35 

18.6 

3.67 

75. 

44000. 

2000. 

0.35 

29.7 

5.06 

520C0. 

2000. 

C.35 

27.3 

4.77 

6COOO. 

2000. 

0.35 

25.5 

4.53 

75000. 

2000. 

0.3  5 

22.8 

4.30 

100. 

44000. 

2000. 

0.35 

34.3 

5.71 

520C0. 

2000. 

0.35 

31.6 

5.37 

6CCC0. 

2000. 

0.35 

29.4 

5.10 

75CC0. 

20C0. 

0.35 

26.3 

4.83 

15G. 

44000. 

2000. 

0.35 

42.0 

6.79 

52000. 

2000. 

0.35 

38.7 

6.38 

6C000. 

2000. 

0.35 

36.0 

6.05 

7500C. 

2000. 

C.35 

32.2 

5.72 

200. 

44000. 

2000. 

0.35 

48.6 

7.71 

52000. 

2000. 

0.35 

44.7 

7.23 

6C0G0. 

2000. 

0.35 

41.6 

6.85 

75000. 

2000. 

0.35 

37.2 

6.47 

250. 

44000. 

2000. 

0.35 

54.3 

8.51 

52CC0. 

2000. 

0.35 

49.9 

7.97 

60000. 

2000. 

0.35 

46.5 

7.55 

75000. 

2000. 

0.35 

41.6 

7.13 

300. 

440CC. 

2000. 

0.35 

59.5 

9.24 

5 20  CO. 

2000. 

0.35 

54.7 

8.65 

60000. 

2000. 

0.35 

50.9 

8.19 

750  CC. 

2000. 

0.35 

45.5 

7.73 

350. 

440CC. 

2000. 

C.35 

64.2 

9.91 

52CCC. 

2C00. 

0.35 

59.1 

9.27 

6C0C0. 

2000. 

C.35 

55.0 

8.77 

75CC0. 

2000. 

0.35 

49.2 

8.27 
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TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FiXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS, 
WITHOUT  WEB  REINFORCEMENT 


(0.2S^isc=  e 

*L<r=  2-00'  K 

=  0,  2000 

S  f1  ^6000,  d  = 

C 

0.  9  D) 

LS  q 

fdy 

f* 

C 

^Sc 

D 

Ct 

ft  o<.  p  s  i 

psi 

psi 

psi 

in. 

$/ Bq  ft 

21.0  1.0  10. 

44GCC. 

2  0  C  0  . 

C.  25 

12.8 

2.79 

520C0. 

2000  . 

0.25 

11.8 

2.65 

60000. 

2C00. 

0.25 

11.0 

2.55 

750 CO . 

250C. 

0.25 

€.8 

2.45 

25. 

44000. 

2CCC. 

C.25 

20.3 

3.90 

52CC0. 

2000. 

C.25 

18.7 

3.68 

6COOC . 

2CC0. 

0.25 

17.4 

3.52 

75CCC  • 

25CC. 

0.25 

15.6 

3.36 

50. 

440CC . 

20CC  . 

0.25 

28.7 

5.15 

52C00. 

2C0C. 

0.25 

26.4 

4.85 

6C0CC • 

2C0C  • 

0.25 

24.6 

4.61 

750CC  • 

2500. 

0.25 

22.0 

4.39 

75. 

44000. 

2GOO. 

0.25 

35.2 

6.10 

520CC. 

2000. 

C.25 

32.4 

5.74 

60000 . 

2CC0. 

0.25 

3C.1 

5.45 

750CC . 

250C  . 

C.25 

26.9 

5.17 

ICO. 

44C0C. 

2C00  . 

0.25 

40.6 

6.91 

520CC. 

2CCC. 

€.25 

37.4 

6.49 

6C0CC. 

2CCC. 

0.25 

34.8 

6.16 

750CC. 

250C. 

C.25 

31.1 

5.84 

150. 

44  00  C. 

2CCC. 

0.25 

49.7 

8.27 

520C0. 

2000. 

C.25 

’  45.8 

"  7.75 

6CCf 0. 

2C0C-, 

0.25 

4  2.6 

7.34 

750CC. 

25  CO  . 

0.25 

38.1 

6.95 

200. 

440CC. 

ZCOC. 

0.25 

57.4 

9.41 

52CCO. 

20CC. 

0.25 

. 52.8 " 

8.81 

6C0C0. 

20  0C  . 

0.25 

49.2 

8.34 

75QCC  . 

25CC. 

C  .25 

44. C 

7.89 

250. 

44CCC. 

2CC0. 

C.25 

64.2 

10.42 

520CC. 

2ccr. 

C.25 

59.1 

9.75 

6C0CC.  • 

2C0C. 

0.25 

55.0 

9.22 

750CC- 

2  5  0  C  . 

0.25’ 

'49.2 

C.  72 

300. 

440 CO. 

2CCC  . 

C.25 

7C.4 

11.33 

52CCO. 

2CCC  . 

C.25 

64.7 

10.59 

6CCC0. 

2CCC. 

C.25 

6C.2 

10.02 

75CCC. 

25CC. 

C.25 

5  3.9 

9.47 

350. 

4  4  C  C  C.  . 

2CCC. 

C.25 

76.0 

12.17 

52CCC. 

2  0  C  0  . 

C.25 

69.9 

11.37 

600 CO. 

2CCC. 

C.25 

65.1 

10.75 

75CCC  . 

Z5rr. 

C.25 

58.2 

1C.  16 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED- END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25-^sc=  e 

•>Lo-2'00' 

<t>  =  0,  2000^f'  ^ 

v  C 

6000,  d  = 

0.9  D) 

LS  q 

fdy 

fl 

c 

^Sc 

D 

Ct 

ft  c*.  psi 

P»1 

pal  — 

psL 

in. 

$/sq  ft 

21.0  C.‘ J  10. 

44000. 

2CCC. 

0.25 

13.5 

2.74 . 

52000. 

2CCC. 

0.25 

12.4 

2.61 

60  COO. 

200C. 

0.25 

11.5 

2.50 

75CCO. 

2000. 

0.25 

10.3 

2.39 

_ _  25. 

44000. 

2000. 

0.25 

21.3 

3^33 

52000. 

2000. 

0.25 

19.6 

3.61 

60C00. 

2CC0. 

0.25 

18.2 

3.45 

75000. 

2C0C. 

0.25" 

16.3 . 

3.27 

_ _ _ _ SC. 

44000. 

2000. 

0.25 

30.1 

5.05 

52000. 

2000. 

0.25 

27.7 

4.75 

. . 

60000. 

2C00  . 

0.25 

25.8 

4.51 

75000. 

2000. 

0.25 

23.1 

4.27 

75. 

44000. 

2CCC  . 

0.25 

36.9 

5.98 

52000. 

2000. 

0.25 

33.9 

5.62 

.  . . _ 

■ 6C00C. 

2C0C. 

C.25 

31.6 

5.33 

750CC. 

2C0C  . 

0.25 

28.2 

5.03 

ICO. 

440CC. 

2CC0. 

0.25 

42.6 

6.77 

52000. 

2000. 

0.25 

39.2 

6.35 

60CGC. 

2000. 

0.25 

36.5 

6.01 

75000. 

2000. 

0.25 

32.6 

5.67 

. . .  . 150. 

44C00. 

2CC0. 

0.25 

52.1 

8.10 

52000. 

2000. 

0.25 

48.0 

7.58 

6C0CC. 

2000. 

0.25 

44.7 

7.17 

75000. 

2  00C. 

0.25 

39.9 

6.74 

200. 

44COO. 

2CGC. 

0.25 

60. 2 

9.21 

52000 . 

2C0C. 

0.25 

55.4 

8.61 

60000. 

2000. 

0.25 

51.6 

8.14 

75CC0. 

2C0C. 

0.25 

46.1 

7.65 

250. 

440C0. 

20CC. 

0.25 

67.3 

10.20 

520CC . 

2  000. 

0.25 

61.9 

9.53 

60GCC.' 

2000. 

0.25 

57.7 

9.00 

75CCC. 

2C0C  . 

C.25 

51.6 

8.45 

300. 

4400 0. 

20CC. 

0.25 

73.7 

11.09 

520 CO. 

2GCC. 

0.25 

67.8 

10.35 

600CC. 

20CC. 

0.25 

63.2 

9.77 

750C0. 

2CC9. 

0.25 

56.5 

9.17 

350. 

440CC. 

2CC0. 

0.25 

79.7 

11.91 

5200.;. 

20CC. 

0.25 

73.3 

11.11 

6CCC0. 

2CCC  . 

C.25 

68.2 

10.49 

750C0. 

2CCC. 

C.25 

61. C 

9.84 

3-171 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25^{S  =  esL^2.00,  6  =  0,  2000-^.P  ^.6000,  d  -  0.  9  D) 

sc  Lc  v  c 


Ls 

q 

fdy 

V  ~ 

c 

^Sc 

D 

Ct 

ft 

Psi 

psi 

psf  ■- 

psi 

in. 

$/  sq  ft 

21.0 

0.8  10. 

44GCC. 

2CC0. 

C  .25 

14.1 

. 2.76 

52CC0 . 

2CCC. 

0.25 

13.0 

2.62 

6C0CO. 

2  C0C  . 

0.25 

12.1 

2.51 

7  5  0  C  0  . 

2000. 

C  .  25 

10.8 

2.40 

25. 

44CCC. 

2000. 

0.25 

22.3 

3.85 

520CC. 

2000. 

0.25 

20.5 

3.63 

6C0 00 . 

2000. 

0.25 

19.1 

3.46 

75C0G. 

2000. 

0.25 

17.1 

3.28 

50. 

44CCC. 

20CC  . 

0.25 

31.5 

5.08 

5  2  0  C  0  . 

20CC  . 

0.25 

29.0 

4.77 

6C0OC. 

2CC0. 

C  .  25 

27.0 

4.53 

75000. 

2000. 

0.25 

24.1 

4.27 

75. 

44QCC • 

20CC. 

C  .  2  5 

38.6 

6.02 

520C0. 

2GCC  . 

0.25 

35.5 

5.65 

6C000. 

2000. 

0.25 

33.1 

5.35 

7500C . 

2000  . 

C.25 

29.6 

5.03 

100. 

440CC. 

2CCC. 

C.Z5 

44.6 

6,82 

520  CO . 

20CC  . 

0.25 

41.0  " 

6.38 

6C0CC. 

2C0C- 

0.25 

30.2 

6.04 

750CC. 

2CC0  . 

0.25 

34.1 

5.67 

150. 

44CCC. 

2C0C. 

0.25 

54.6 

8.15 

520CC. 

2CCC. 

C.25 

50. 2 

7.62 

6CC0C. 

2CCC. 

0.25 

46.8 

7.20 

75CC0. 

2CCC  . 

C.25 

41.8 

6.75 

20C. 

44CCC. 

20CC. 

0.25 

63.1 

9.28 

52CCC . 

2  CCC. 

C.25 

50. C 

8.66 

6CGCC. 

2CC0. 

0.25 

54.0 

8.18 

7  5  0  C  0  • 

2C0C  . 

0.25 

40.3 

7.66 

250. 

44CCC  . 

2CCC  . 

0.25 

70.5 

10.27 

520CC. 

200C  . 

0.25 

64.8. 

9.58 

600  00." 

2CC0. 

0.25 

60.4 

9.04 

75000  . 

2C0C  . 

C.25 

54.0 

8.46 

300. 

44CC0  . 

2CCC  . 

C.25 

77.2 

11.16 

520CC  . 

2CCC. 

0.25 

71.0 

10.41 

6CCCC  . 

20CG. 

0 .25 

66.1 

9.82 

75  0  CO. 

2CCC. 

0.25 

59.  1 

9.  ia 

350. 

44CC'. 

2CCC. 

0.25 

03.4 

11.99 

52CC0. 

2C0T. 

C.25 

76.7 

11.17 

6CC CC. 

2CCC. 

C.2  5 

71.4 

10.54 

75CCC  . 

2  C  C  * 

C.25 

6  3.9 

9.  85 
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TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25-=^sc=  eciLc 

^2.  00,  <t> 

V 

=  0,  2000, 

lit 

Hi 

o 

IN 

6000,  d  = 

0.9  D) 

LS  q 

fdy 

£' 

c 

^Sc 

D 

Ct 

ft  o4»  pai 

psi 

pai 

in. 

$/sq  ft 

21.0  0.7  10. 

44000. 

6C0C. 

0.47 

10.7 

2.76 

520CC. 

2000  . 

C.25 

13.6 

2.66 

6C0QC . 

2COO. 

C.25 

12.6 

2.55 

7SCC0. 

200C  . 

0.25 

11.3 

2.42 

.  _  _  25.  . 

44000 . 

6CCC  • 

C  .47 

17.0 

3.86 

520C0. 

20C0. 

0.25 

21.5 

3.69 

6CCC0. 

2C0C. 

C.25 

20. C 

3.52 

75CCC. 

2C0C  . 

0.25 

17.9 

3.32 

. . 50. 

.  .  440C0. 

6C0C  . 

0.47 

24.0 

5.09 

52CCG. 

2000. 

C.25 

30.4 

4.86 

6CQCC. 

2  C  0  0  . 

C.25 

28.3 

4.61 

75000. 

20CC  . 

0.25 

25.3 

4.33 

75. 

440C0. 

600C. 

C  .4  7 

29.4 

6.04 

52CCC. 

2CCC. 

0.25 

37.2 

5.75 

6CCC  C . 

2000. 

C.25 

34.6 

5.45 

750QC. 

2C0C. 

0.25 

31.0 

5.11 

IOC. 

440C0 . 

6000. 

0.47 

33.9 

6.84 

520GC  . 

2000. 

C.25 

43.0 

6.51 

6C0CC. 

2000  . 

0.25 

40. 0 

6.15 

750CC . 

2C0C. 

0.25 

35.8 

5.76 

150. 

44000. 

6CC0. 

0.47 

41.5 

8.17 

52000. 

2000. 

0.25 

52.6 

7.77 

6C0CC • 

200C. 

0.25 

49. C 

7.34 

750CC. 

2000. 

C.25 

43.8 

6.86 

200. 

44000. 

6000. 

0.47 

47.9 

9.30 

52CCC. 

2000. 

C.25 

60.7 

8.84 

6CCCC. 

20CC. 

C.25 

56.6 

8.34 

75GCC. 

2000. 

C.25 

5C.6 

7.79 

250. 

440CC. 

6000. 

C  .47 

53.6 

1C. 30 

520CG. 

20C0. 

0.25 

67.9 

9.78 

6C0CC. • 

2C0C. 

C.25 

63.2 

9.22 

750CC. 

2  0CC  . 

0.25 

56.6 

8.60 

300. 

440CO. 

6  COO. 

0.47 

58.7 

11.20 

52CCC. 

zocc. 

0.25 

74.4 

10.62 

6C0CC. 

2000. 

C.25 

69.3 

1C. 01 

750CC. 

2CCC. 

C.25 

61.9 

9.34 

350. 

440C0. 

6C0C. 

C  .47 

63.4 

12.02 

52CCC. 

2C0C. 

C.25 

80.4 

11.40 

6C0CC. 

2CCC  . 

C  .25 

74.8 

1C. 75 

750CU. 

2CCC  . 

C.25 

66.9 

1C. 02 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25=^=  e*Lc 

—  2.  00,  i 

V 

-0,  2000< 

V  =S6000,  d  =  0. 
c 

9  D) 

LS  q 

fdy 

f1 

C 

^Sc 

D 

Ct 

ft  >-A.  pai 

Psi 

psi 

psi 

in. 

$/ aq  ft 

21-0  G.6  10. 

44CCC. 

2  C  C  C  . 

C.35 

13. C 

2.69 

5 20 CO . 

2CCC. 

0.35 

12.0 

2.56 

_ _ 

6C0C0. 

200C  • 

0.35 

11.2 

2.46 

75CCC. 

2C0C  . 

€.35 

10.0 

2.36 

.  25. 

440CC. 

2CCC. 

0.35 

2C.6 

3.75 

52CC0. 

2CCC. 

0.35 

18.9 

3.54 

6C0CC. 

2  ecc. 

0.35 

17.6 

3.38 

75CC0. 

2CCC. 

C.35 

15.8 

3.21 

50. 

44  C  C  0  . 

20CC  . 

C.35 

29.1 

4.94 

52000. 

2CCC. 

0.35 

26.8 

4.65 

60QCC. 

2CCC. 

0.35 

24.9 

4.42 

750CO. 

2C0C. 

0.35 

22.3 

4.18 

75. 

44CCC. 

2  CCC. 

C.35 

35.7 

5.85 

520CC. 

2C  CO  . 

C.35 

32.0 

5.49 

6C0CO. 

2C0C. 

C.35 

30. 6 

5.21 

75CC0. 

2C0C. 

C.35 

27.3 

4.92 

ICO. 

44CCC. 

20CC. 

C.35 

41.2 

6.62 

520CO. 

2CCJ0  • 

C.35 

37.9 

6.20 

6  C  C  u  0  « 

2C0C. 

0.35 

35.3 

5.88 

75000. 

ZCOC. 

C.35 

31.6 

5.54 

150. 

44CC0. 

2  0  0  C . 

C.35 

SC.  5 

7.91 

52CCC. 

2CCC. 

C.3  5 

46.4 

7.40 

6CCCC. 

2GCi  • 

C.35 

43.2 

7.00 

75CCC  » 

2CCC. 

0.35 

30.6 

6.59 

_ _ .200. 

44CC0 . 

2CCC. 

C.35 

58.3 

9.00 

5200c. 

2CCC. 

C.35 

5  3.6 

8.41 

60CCC . 

2CCC. 

C.35 

4  9.9 

7.95 

75CCC  . 

20CC. 

C.35 

44.6 

7.48 

250. 

44CCC . 

2CCC. 

C.35 

65.1 

9.  95 

52CCC . 

2CC0. 

C.35 

59.9 

9.30 

60  OC  C 

2  0  C  C  ■ 

C.35 

55.8 

8.79 

75CCC. 

2000  . 

C.35 

49.9 

8.26 

30C  . 

44CCC. 

2cce. 

C.35 

71.4 

10.82 

520CC. 

2CCC  . 

C.35 

65.6 

10.10 

6C0C 

2CC0  . 

0.35 

61,1 

9.54 

75CC0. 

20  00. 

0.3  5 

54.7 

8.96 

350. 

440CC. 

2CCC. 

€.35 

77.1 

11.62 

52CCC  . 

2C  Cr  . 

C.35 

70.9 

10.84 

6CCCC. 

zccr. 

0.35 

66. C 

12.23 

75CCC. 

2CCC. 

C.3  5 

59.0 

9.61 

TABLE  3-40  (Cont"d) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED  -  END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25SsS  =  e  <£.  ^2,00,  6=0,  2000Sf'  S6000,  d=0.  9  D  ) 

'  sc  Le  v  c  9 


- -  "sc  ~  rLc 

C 

LS  q 

fdy 

V 

c 

^Sc 

D 

Ct 

ft  pal 

pei 

PS*  ■ 

pai 

in. 

$/sq  ft 

24.5  1.0  10. 

440CC. 

2C0C  . 

0.25 

15.0 

3.09 

52000. 

20  CO. 

0.25  ■ 

13.8 

2.93 

60000. 

200C. 

0.25 

12.8 

2.80 

750CC. 

2GC0. 

C.25 

11.5 

2.68 

25. 

449C0. 

2  0  C  0  . 

0.25 

23.7 

4.37 

520CC . 

2CCC. 

0.25 

21.8 

4.12 

600CC. 

20CC. 

0.25 

20.3 

3.92 

75000. 

2000. 

0.2-5 

18.1 

3.73 

.  .  _ _ _ 50. . 

44000 . 

2C0C. 

0.25 

33.5 

5.82 

5200C . 

2CC0. 

0.25 

3C.8 

5.46 

6000C. 

20C0  . 

0.25 

28.7 

5.18 

750CC . 

20C0. 

0.25 

25.7 

4.91 

75. 

44000. 

2000. 

C.25 

41.0 

6.93 

52CC0. 

2000. 

0.25 

37.8 

6.49 

•60CCC. 

2000. 

0.25 

35.1 

6.15 

75OC0. 

2000. 

0.25 

31.4 

5.82 

100. 

44CCC. 

2000. 

0.25 

47.4 

7-86 

52CC0. 

2000. 

0.25 

43.6 

7.36 

60000. 

2000. 

C.25 

40.6 

6.97 

75C00. 

2000. 

0.25 

36.3 

6.58 

150. 

44CCP. 

20CC  . 

C.25 

58.0 

9.43 

52C00. 

2000. 

0.25 

53.4 

8.82 

60000. 

2000. 

C.25 

49.7 

8.33 

750C0. 

2000. 

C.25 

44.5 

7.86 

200. 

44CC0. 

2000. 

C.25 

67.0 

10.75 

52CC0. 

2  0  0  C  . 

0.25 

61.6 

10.04 

6CCCC . 

20CG  • 

C.25 

57.4 

9.49 

750C0  . 

2CCC  . 

0.25 

51.3 

8.94 

250. 

440  CO. 

20 GC  . 

C.25 

74.9 

11.92 

52CC0. 

20  CC  . 

0.25 

68.9 

11.12 

6CCC0.' 

20CC. 

C.25 

64.2 

10.50 

750CC. 

2000. 

0.25 

57.4 

9.90 

300. 

440CC. 

2  0  0  C  . 

C.25 

82.1 

12.97 

52000. 

2CCC. 

0.25 

75.5 

12.10 

6CGC0. 

2C0C  . 

0.25 

70.3 

11.42 

75CCC. 

2  Q  0  C  • 

C.25 

62.9 

10.76 

350. 

4400'’. 

200C. 

C.25 

80.7 

13.94 

52COO. 

2C0C. 

0.25 

H1.6 

13.00 

60CC0. 

2C0C  . 

C.25 

75.9 

12.27 

75GCC. 

2CCC  . 

C.25 

67.9 

11.55 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.25S.{S  =  eg$T  S  2.  00,  <4  =  0,  2000S"f'  2E6000,  d  =  0.9  D  ) 

'  sc  Lc  v  c 


Ls 

q 

fdy 

f' 

C 

^Sc 

D 

Ct 

ft 

es.  psi 

psi 

psi 

psi 

in.  ■ 

$/ sq  ft 

24.5 

0.9  1C. 

440CC. 

20C0. 

0.25 

15.7 

3.04 

52CGC. 

20CC. 

C.25 

14.5 

2.88 

6CCCC  . 

2000. 

C.25 

13.5 

2.76 

'  75000. 

2CCC. 

0.25 

12.0 

2.63 

25. 

44C0C . 

200C  . 

0.25 

24.8 

4.29 

520CO. 

2C0C. 

C.25 

22.8 

4.04 

6CCCC. 

2C0C  . 

C.25 

21.3 

3.85 

75CCC. 

2C-CC. 

0.25 

19.0 

3.64 

50. 

440CC. 

2000. 

0.25 

35.1 

5.71 

52CCO. 

2000. 

C.25 

32.3 

5.36 

6  C  C  C  C  • 

20CC. 

C.25 

3C.1 

5.08 

. 

75CC0. 

2000. 

0.25 

26.9 

4.78 

75. 

440CC • 

2C00. 

0.25 

43.0 

6.79 

520 CO. 

2C00. 

C.25 

39.6 

6.36 

6C0CG. 

2CCC  . 

0.25 

36.8 

6.02 

75000. 

2C  00  . 

0.25 

33.0 

5.66 

100. 

44000. 

20CC. 

0.25 

49.7 

7.71 

52CCC. 

2000. 

C.25 

4  5-7 

7.21 

600CC . 

2C0C. 

C.25 

42.5 

6.82 

750GC. 

2C  CC  . 

0.25 

38.0 

6.40 

150. 

440C0. 

2000. 

0.25 

60.8 

9.24 

520C0. 

2000. 

0.25 

56.0 

8.63 

6GCC0. 

20CC. 

0.25 

52.1 

0.15 

750  CO . 

2000. 

0.25 

46.6 

7.64 

200. 

440CC . 

2CC0. 

0.25 

70.3 

10.54 

520CC. 

2CCC. 

C.25 

64.6 

9.83 

6C0CC. 

2CCC. 

0.25 

6  C  .  2 

9.27 

750CC. 

2  0  C  0  . 

0.25 

53.8 

8.69 

250. 

440CC. 

200C. 

0.25 

78.5 

11.68 

520CC-. 

2Q0C. 

0.25 

72.3 

10.89 

oCCCO.- 

20CC- 

C.25 

67.3 

1C. 26 

7  5  0  C  0  . 

2C0C. 

C.25 

6C.2 

9.61 

3C0. 

44CCC . 

2  COG. 

C.25 

86.0 

12.71 

52CCO. 

2CCC. 

C.25 

79.1 

11.84 

6CCCC. 

2CGC. 

C.25 

73.7 

11.16 

750CC-. 

2CCC. 

0.25 

65.9 

1C.  44 

350. 

4  4  0  C  0  . 

2CCC. 

0.25 

92.9 

13.66 

52CCO. 

2CCC. 

C.25 

85.3 

12.72 

60 CCC  . 

2CCC. 

C.25 

79.6 

11.98 

750  C  0 . 

2CCC. 

C.25 

71.2 

11.21 

3-176 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 


WITHOUT 


T 

? 

(0.25S=;isc=  e 

CL  S.2.00 
Lc 

T* 

Ls 

q 

fdy 

1 

ft 

<X  psi 

_£8i 

24.5 

o.a  io. 

44000. 

"1“ 

52000  . 

\ 

60CCC. 

750CC. 

25. 

440C0. 

1 

52000. 
60000 . 

75CCC. 

| 

50. 

440 CO. 

I 

S200C. 

. 

- - - 

6CCCC. 

75CC0. 

Ul 

440CC. 

52000. 

60GCC. 

| 

750CC. 

■ 

IOC. 

44CC0. 
520 CC . 
6C0CC. 

3 

750C0. 

I 

150. 

440CC’. 
520CC. 
6C0CC  . 
75CC0 . 

200. 

44C0G . 

! 

520C0 . 

...... 

6  C  0  C  0  . 

7  5  0  C  0  . 

1 

1 

250. 

4  4  C  C  0  . 
520  C'J . 
dCCCO. 

75CCC . 

1 

300. 

44CCC. 
5  2  C  0  0  . 
6CC0O. 
75CC0. 

350. 

44  cc;,. 

520 CO. 
6CQCC. 
75CCC. 

WEB  REINFORCEMENT 

,  i  =  0,2000Sf'  5S  6000,  d  =  0.  9  D) 
v  c 


fi 

c 

*Sc 

D 

Ct 

Psi 

psi 

in. 

$/  sq  ft 

2CCC  . 

0.25 

16.4 

3.06 

2000. 

0.25 

15.1 

2.90 

2C0C. 

0.25 

14.1 

2.77 

2COO. 

C.25 

12.6 

2.63 

2CCC. 

C.25 

26.0 

4.32 

200C  . 

0.25 

23.9 

4.07 

2000. 

C.25 

22.3 

3.87 

2000. 

C.25 

19.9 

3.65 

2000. 

0.2  5 

36.8 

5.75 

2000. 

0.25 

33.8 

5.39 

2000. 

0.25 

31.5 

5.  10 

20CC  • 

0.25 

28.2 

4.79 

2000. 

0.25 

45.0 

6.84 

2000. 

0.25 

41.4 

6.4C 

2C0C  . 

0.25 

38.6 

6.05 

2000. 

0.25 

34.5 

5.67 

200C. 

C.25 

52.0 

7.76 

2000. 

C.25 

47.8 

7.25 

20CG. 

C.25 

44.5 

6.85 

2 C  CC  . 

C.25 

39.8 

6.41 

2  0  C  0  . 

0.25 

63.7 

9.31 

2  000. 

C.25 

58.6 

8.69 

2000. 

C.25 

54.6 

8.20 

2C0C. 

C.25 

48.8 

7.66 

2000. 

0.25 

73.6 

10.62 

2CCC. 

C.25 

67.7 

9.90 

20CC. 

C.25 

63.0 

9.33 

20C0. 

C.25 

56.3 

0.70 

2C0C. 

C.25 

82.2 

11.77 

2000. 

C.25 

75.7 

10.96 

2CCC. 

C.25 

70.4 

1C. 32 

20CC. 

0.25 

63.0 

9.63 

2QCC. 

0.25 

90.1 

12.80 

2  0  C  C  . 

C.25 

82.9 

11.92 

20  CO. 

C.25 

77.2 

11.23 

200C. 

C.25 

69.0 

10.46 

2cca. 

C.25 

97.3 

13.76 

2CC0. 

C.25 

8  9.5 

12.81 

2000. 

0.25 

83.3 

12.05 

2CCC  . 

C.25 

74.5 

11.23 

3-177 


TABLE  3-40  (Cont’d) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25===^=  e*Lc 

S2,  00,  i 

V 

=  0,  2000 

^  C 

6000,  d  = 

0.9  D  ) 

LS  q 

fdy 

V 

C 

^Sc 

D 

Ct 

ft  OA*  psi 

psi 

psi 

-  psi 

in. 

$/sq  ft 

24.5  0.7  10. 

440CC. 

60CC. 

0.47 

12.5 

3.07 

52000 . 

20CC. 

C.25 

1  5.8 

2.94" 

6CCCC . 

2CCC. 

0.25 

14.8 

2.81 

750CC. 

2C0C. 

0.25 

13.2 

2.66 

_  25. 

440CC. 

60CC. 

0.47 

19.8 

4.35 

520CC. 

2000. 

0.25 

25.1 

4.14 

6CCCC. 

20C0  . 

0.25 

23.3 

3.93 

750CC. 

2C0C. 

C.25 

20.9 

■“3.70  ' 

50. 

440 CC. 

6000, 

C  .47 

28.0 

5.78 

520CC. 

2  C  0  C  . 

0.25 

35.4 

5.49 

6C0CC. 

2000. 

C.25 

33.0 

5.20 

75CC0. 

2C0C. 

0.25 

29.5 

4.87 

75. 

440CC. 

6000  . 

C  .47 

34.3 

6.88 

520CC. 

2CCC. 

0.25 

43.4 

6.53 

600G0. 

2CC0. 

0.25 

40.4 

6.17 

750  C  0 . 

2000. 

0.25 

36.1 

5.77 

100. 

44CC0. 

6000. 

0.47 

39.6 

7.81 

520C0. 

2CCC. 

0.25 

5C.1 

7.40 

6CCCC. 

2CC0  . 

0.25 

46.7 

6.99 

750  CO. 

2CCC  . 

C.25 

41.7 

6.52. 

150. 

44CCC. 

6000. 

0.47 

48.4 

9.37 

520CC. 

2C00 . 

C.25 

61.4 

8.87 

6G0CC . 

20  00. 

0.25 

57.1 

8.36 

75CC0. 

2C00. 

0.25 

51.1 

7.79 

200. 

440  CO. 

60  00  . 

C  .47 

55.9 

10.68 

520 CO. 

2C0C. 

0.25 

70.9 

10.10 

6C0CC. 

2CCC  . 

C.25 

66.0 

9.52 

750  CC . 

2000. 

C.25 

59.0 

8.86 

250. 

440CC. 

6C0C. 

C  .47 

62.5 

11.84 

52CCC. 

2CC0  . 

C.25 

79.2 

11.19 

6C0G0.  ' 

2CC0  . 

C.25 

73.  8 

10.54 

75CCC. 

2CCC. 

C.25 

66.  C 

9.80 

300. 

440CC. 

6CCC  . 

C.47 

68.5 

12.88 

52CC0. 

2000. 

C.25 

86.8 

12.17 

6CCGC. 

2CCC  . 

0.25 

8C.8 

11.46 

75CCC. 

2CCC. 

C.25 

72.3 

10.65 

_ 350. 

44CCC. 

6CCC  . 

C.47 

74.0 

13.85 

52  0  CC . 

2CCC  . 

C.25 

93.8 

13.08 

6  C  C  o  v  . 

2000  . 

C.25 

87.3 

12.31 

/  5  C  C  C  . 

2C0C. 

C.2  5 

78.  1 

11.43 

3-178 


TABLE  3-  40  (  Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-  END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.25SjS  =  e  i,  S2.00,  i  =  0,  2  00  CS  f1  S6000,  d  =  0.  9  D  ) 

SC  LC  V  c 


'  sc  l>c 

V 

C 

S  q 

£dy 

f  r 

C 

**Sc 

D 

Ct 

ft  c**  pai 

.£5i_ 

psi 

psi 

in. 

$/sq  ft 

24.5  0.6  10. 

<4000. 

2C0C. 

0.35 

15.2 

2.98 

520CC. 

2CCC. 

0.35' 

14.0 

. 2.83 

6OCC0. 

2000. 

C.35 

13.  C 

2.71 

75CCC. 

2C00. 

0.35 

11.6 

. 2.58  ' 

_ _  25. 

44CC0 . 

2000. 

0.35 

24.0 

4#20 

520C0. 

200C. 

0.35 

22.1 

3.96  " 

6C0C0. 

2000. 

0.35 

20.6 

3.77 

750CC. 

2C00. 

0.35 

18.4 

.  3.57 

. . . . 50. . 

440CC. 

2000. 

0.35 

34-  Q 

*5, 5fl 

520C0. 

200C. 

0.35 

31.3 

5.24  ' 

. . . . . .  . . 

600CC. 

26C0  . 

0.35 

29.1 

4.97 

75QC0. 

2000. 

0.35 

26.0 

4.68 

75. 

44000. 

2CC0. 

0.35 

41.6 

6*64 

520 CO. 

2CC0. 

0.3  5 . 

38.3" 

6.22  " 

.  .....  ..... 

6QCCC. 

2C0Q. 

C.35 

35.6 

5.89 

750C0. 

2CC0. 

C.35 

31.9 

5.54 

100. 

44000. 

2000. 

0.35 

48.1 

7.53 

520CO. 

2000. 

C.35 

44.2 

7.04  " 

60C0C. 

2  C0C. 

0.35 

41.2 

750CC. 

20CC. 

C.35  ' 

. 36.8 

6.26 

150. 

44CCO. 

2000. 

C.35 

58.9 

9.02 

52UCU . 

20CC. 

C.35 

54.1 

8.43 

6CCCC. 

2G0C. 

C.35 

50.4 

7.96 

750CC. 

2000. 

0.35 

45.1 

7.47 

200. 

440C0. 

2C0C. 

0.35 

6B.C 

10.28 

520CC. 

2C0C. 

C.35 

62.5 

9.60 

600CC. 

2CGC. 

C.35 

58.2 

9.05 

750C0. 

2CCC. 

C.35 

52.1 

8.49 . 

....  250. 

4400C . 

2  0  C  0  . 

C.35 

76.0 

11.39 

52000. 

2000. 

0.35 

69.9 

1C. 62 

60000. 

2C0C. 

0.35 

65.1 

10.02 

750CC. 

20QC. 

C.35 

58.2 

9.38 

300. 

44CCC. 

2CCC. 

C.35 

83.2 

12.40 

52CC0. 

2C0C. 

C.35 

76.6 

11.55 

6CC0C  . 

2CCC. 

C.35 

71.3 

10.89 

75CCC. 

20  DC. 

0.35 

63.8 

1C. 19 

350. 

440 CO. 

2  0  C  0  . 

C.35 

89.9 

13.32 

520 CC. 

20CC. 

C.35 

82.7 

12.41 

6CQCC. 

20  CC. 

C.35 

77. C 

11.69 

750CC. 

2C0C. 

C.35 

68.9 

10.94 
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TABLE  3-40  *Cont‘d) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED -END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEDMENT 


(0.  25 2E?Ssc  =  e  {S 

,  <2.00,  6  = 
Lc  v 

0,  2000^ 

^  C 

6000  ,  d  =  0. 

9  D) 

LS  q 

fdy 

fl 

C 

^Sc 

D 

Ct 

ft  o*.  p  s  i 

PS* 

psi  - 

psi 

in.  • 

$/ sq  ft 

28.0  1.0  10. 

440CO. 

2CCC. 

C  .25 

17.1 

3.39 

520  CC. 

2C0(J  . 

C.25 

15.8 

3.20 

6COCO. 

2CCC. 

C  .25 

14.7 

3.06 

75CCO. 

2  000. 

C.2  5 

13.1 

2.92 

25. 

44CC0. 

2CCC. 

C.25 

27.1 

4.84 

52CCC. 

2000. 

C.25 

24.9 

4.56 

6COCO. 

2  C  C  C . 

C.25 

23.2 

4.33 

75CC0. 

2000. 

0.25 

20.7 

4.10 

_ _ _  .  .  .  50,.. 

44000. 

20CC  . 

C.25 

30.3 

’6.49 

52000. 

2000. 

0.25 

35.2 

6.08 

6CCC0. 

2C0C. 

0.25 

32.8 

5.76 

75CCC. 

200C  • 

0.25 

29.3 

5.44 

75. 

440C0 . 

2C0C  • 

C.25 

46.9 

7.75 

52CC0. 

2000. 

0.25 

43.1 

7.25 

6CCCC. 

2CCC. 

C.25 

40.2 

6.85 

7500C . 

2  C0C. 

0.25 

35.9 

6.46 

100. 

44000. 

20CC. 

0.25 

54.2 

8.81 

52000. 

2000. 

0.25 

49.8 

8.23 

6C0CC. 

2000. 

0.25 

46.4 

7.78 

750CC. 

2000. 

0.25 

41.5 

7.33 

150. 

440C0. 

2000. 

0.25 

66*3 

10.59 

52CC0. 

2CCC. 

C.25 

61.0 

9.88 

6CCC0. 

2CCC. 

C.25 

56.8 

9.33 

75CCC. 

2GC0. 

C.25 

5C.  8 

8.77 

200. 

44CCC. 

20CC. 

0.25 

76.6 

12.09 

52CCC . 

2000  . 

C.25 

70.5 

11.28 

6CCCC. 

2CCC. 

0.25 

65.6 

10.63 

75CCO. 

2C0C. 

0.25 

58.7 

10. CO 

250. 

440CG. 

200C. 

0.25 

65.6 

13.41 

52CC0. 

2C0C. 

C.25 

78.8 

12.50 

600C0.  ’ 

2CCC  . 

C.25 

73.3 

11.79 

75CCC. 

20  0C  . 

0.25 

65.6 

11.  Ci' 

300. 

44 C CO  . 

2  C  C  C  • 

0.25 

93.8 

14.61 

52CCC. 

2CCC . 

C.25 

86.3 

13.61 

6CCCC. 

2C0C  . 

0.25 

8C.3 

12.83 

7  5  0  C  0  . 

2CCC. 

C.25 

71.8 

12.05 

350. 

440C0. 

2  CCC. 

C.25 

1 0 1 . 3 

15.71 

£2GC’J. 

ZCCC. 

C.25 

93.2 

14,63 

6CCCC . 

2CCC. 

C.25 

86.8 

13.78 

7  5  C  C  , 

20CC. 

C.25 

77.6 

12.94 
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TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 

(0.2 5^51  g$  =  e  {5.  S2.00,  i  -  0,  20002Sf'  2S.6000,  d  =  0,  9  D  ) 
'  sc  Lc  v  c 


Ls 

q 

fdy 

f«  ~ 

C 

^Sc 

D 

Ct 

ft  ex. 

psl 

.E“L 

psi 

psl 

in. 

$/ sq  ft 

28.0  0.9 

10. 

440C0. 

2C0C. 

0.25  ~ 

1 8 .0 

3734 

520CC. 

200C. 

0.25 

16.5 

3.15 

60000. 

2000. 

0.25 

15.4 

3.01 

75000. 

2000. 

0.25 

13.8 

2.86 

_ 25,. 

44QCG. 

2000. 

0.25 

28.4 

4.76 

520C0. 

2000. 

0.25 

26.1 

4.47 

6000G. 

2000. 

0.25 

24.3 

4.25 

75000. 

2000. 

0.25 

21.7 

4.01 

_ .50,. 

44000. 

2000. 

0.25 

40.1 

6.37 

520CC. 

2000. 

0.25 

36.9 

5.96 

60000. 

2000. 

0.25 

34.4 

5.64 

75000. 

2000. 

0.25 

30.7 

5.30 

75. 

44CC0. 

2000. 

0.25 

4  9.2 

7.60 

52000. 

20CC. 

0.25 

45.2 

7.11 

60000. 

20CC. 

0.25 

42.1 

6.71 

75600. 

2000. 

0.25 

37.7 

6.29 

100. 

440C0. 

2000. 

0.25 

56.8 

8.64 

520CO. 

2000. 

0.25 

52.2 

8.07 

600C0. 

2000. 

C.25 

40.6 

7.62 

75000. 

2000. 

0.25 

43.5 

7.13 

150. 

44000. 

2000. 

0.25 

69.5 

10.39 

52CCC. 

2000. 

0.25 

64.0 

9.68 

60CC0. 

2000  . 

0.25 

59.5 

9.13 

75000. 

2000. 

0.25 

53.3 

8.54 

200. 

440CC. 

2CCC. 

0.25 

60.3 

11.86 

52CCC. 

2C0C  • 

C.25 

73.9 

11.05 

600CC. 

2000. 

C.25 

68.8 

10.41 

75CC0. 

2000. 

0.25 

61.5 

9.72 

250. 

440C0. 

2000. 

0.25 

89.8 

13.16 

52000. 

2000. 

C.25 

82.6 

12.25 

6C000." 

2000. 

0.25 

76.9 

11.53 

750CO. 

2000. 

0.25 

68.8 

10.76 

300. 

44000. 

2C0C  . 

C.25 

90.3 

14.33 

520CC. 

2  CC0. 

0.25 

90.5 

13.33 

6C0C0. 

2C0C  . 

0.25 

84.2 

12.55 

750CC. 

20CC . 

C.25 

75.3 

11.71 

350. 

440 CC. 

2000. 

C.25 

1C6.2 

15.41 

52CCC. 

2CCC  . 

0.25 

97.7 

14.33 

6CCCC. 

20CC. 

0.25 

91.0 

13.48 

750CC. 

2C0C  . 

C.25 

81.4 

12.58 
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TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WA.Y  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


<0.25^ac 

=  e  *S  2.  00,  <b 

iuC  V 

=  0,  2000^ 

f'  6000,  d  =  0. 

c 

9  D) 

LS 

q 

fdy 

f.  — 

C 

^Sc 

D 

Ct 

ft  ©L 

psi 

psi 

psi 

psi 

in. 

$/ sq  ft 

28.0  0.8 

10. 

44CCC . 

20CC. 

0.25 

18.8 

_  3.36 

5  2  0  C  0  . 

2000. 

0.25 

17.3  ' 

3.17 

6CCC0. 

2000. 

C.25 

16.1 

3.03 

75CC0. 

2CC0. 

0.25 

14.4 

2.86 

. . . . 

_ 25. 

440CC. 

2000. 

0.25 

20.7 

4.80 

520CC. 

2C00. 

0.25 

27.3 

4.50 

6CCCC. 

2C0C. 

0.25 

25.5 

4.27 

75CCC. 

2CC0. 

0.25 

22.  8 

4.02 

.  .  . 

•i 

o 

in; 

44000. 

2CC0. 

0.25 

42.0 

6.42 

52000. 

2C0C. 

0.25 

38.7 

6.00 

60000. 

20CC. 

0.25 

36.0 

5.68 

75CC0. 

20G0. 

0.25 

3'2. 2 

5.31 

75. 

44000. 

2000. 

0.25 

51.5 

7.66 

52CCC. 

2CC0. 

0.25 

47.4 

7.16 

6C0CC. 

20CC. 

0.25 

44.1 

6.76 

7500C. 

2CCC. 

0.25 

39.4 

6.31 

100. 

44000 . 

2000. 

0.25 

59.4 

8.71 

520CC  . 

2000. 

0.25 

54.7 

8.13 

6C0CC . 

2CCC. 

0.25 

5C.9 

7.67 

750 CO . 

2CCC. 

0.25 

45.5 

7.15 

15C. 

44CC0. 

2  0  OC  . 

0.25 

72.8 

10.47 

•52CCC  • 

2CC0. 

C.25 

67.0 

9.76 

6C0CC. 

20CC. 

C.25 

62.3 

9.19 

7  5  C  0  0  . 

2  0  C  C 

0.25 

55.8 

8.56 

200  . 

440 CO. 

2  0  0  w  • 

0.25 

84.1 

11.96 

520CC. 

2  CCC. 

0.25 

77.3 

11.13 

6C0CC. 

2C0C. 

0.25 

72.  C 

1C. 43 

750CC. 

2CCC. 

0.25 

04.4 

9.75 

250. 

4*i  COO. 

2CCC. 

C.25 

94.0 

13.26 

52  C  0  0  • 

2C.C0  . 

C.25 

86.5 

12.34 

6CCCC. 

2000. 

0.25 

80.5 

11.61 

75CCC. 

2  CCC. 

C.25 

72.0 

10.80 

300. 

44 0C  C . 

2C.CC. 

0.25 

1C  3.0 

14.45 

52CCC. 

2G0C. 

C.25 

94.7 

13.43 

6CCCC. 

2  0  C  C  . 

C.25 

88.2 

12.63 

7  5  0  f  C  . 

2CCC  . 

0.25 

78.9 

11.74 

350. 

4  4  0  C  0  . 

2CCC. 

C.25 

111.2 

15.53 

52000. 

2CCC. 

C.25 

102.3 

14.44 

6CCGC  . 

2CCC  . 

0.25 

95.2 

13.57 

7  5  0  C  C  . 

2v.CC. 

C.25 

85.2 

12.61 
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TABLE  3-40  (Cont'd) 


MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


e  i  2.  00, 

Lc 

i  =  0, 

V 

2000  ±=f’  ^6000,  d  - 
c 

0.9  D  ) 

Ls 

q 

fdy 

V 

c 

^Se 

D 

Ct 

ft 

cx-  psi 

P8t 

psi 

psi 

in. 

$/eq  ft 

26.0 

0.7  10. 

440C0. 

6C0C. 

0.47 

14.3 

3.38 

52000. 

2000. 

0.25 

18.1 

3.23 

6C0C0. 

2000. 

0.25 

16.9 

3.07 

750CC. 

2000. 

0.25 

15.1 

2.90 

_ _ _ _ 2_5_. 

44CC0. 

6CCC. 

C  .47 

22.6 

4.83 

52000. 

2000  . 

0.25 

28.6 

4.59 

60000. 

2C0C. 

C  .25 

26.7 

4.35 

750C0. 

2000. 

G  .25 

23.8 

4.08 

50. 

44CC0. 

600C  . 

0.47 

32.0 

6.47 

52000. 

2000. 

0.25 

40.5 

6.12 

60000. 

2000. 

0.25 

37.7 

5.79 

75000. 

2000. 

C.25 

33.7 

5.41 

75. 

440C0. 

6000. 

0.47 

39.1 

7.73 

52000. 

2000  . 

0.25 

49.6 

7.30 

60000. 

2000. 

0.25 

46.2 

6.89 

7500C. 

2000. 

0.25 

41.3 

6.42 

100. 

44000. 

600C. 

0.47 

45.2 

8.78 

52000. 

2000. 

0.25 

57.3 

8.30 

60000. 

2000. 

0.25 

53.3 

7.82 

75CC0. 

2000. 

0.25 

47.7 

7.28 

150. 

44000. 

6000. 

0.47 

55.4 

10.56 

5200G. 

2CCC. 

0.25 

70. 1 

9.96 

60000. 

2000. 

0.25 

65.3 

9.38 

75000. 

2000. 

C.25 

58.4 

8.72 

200. 

44CC0. 

6000. 

0.47 

63.9 

12.06 

52000. 

2C0C. 

0.25 

81.0 

11.37 

6C0CC . 

2C0C  • 

0.25 

75.4 

10.70 

750CC. 

2000. 

0.25 

67.4 

9.93 

250. 

44000. 

. 600C . 

0.47 

71.5 

13.38 

52000. 

2CC0. 

C.25 

90.6 

12.61 

6C0CC. 

2000. 

C.25 

84.3 

11.85 

75CC0. 

2000. 

0.25 

75.4 

11.00 

300. 

44CCC. 

6000. 

0.47 

78.3 

14.57 

5200C. 

2CG0. 

0.25 

99.2 

13.72 

6C0CC. 

2000. 

0.25 

92.3 

12.90 

750C0. 

2CCC. 

0.25 

82. 6 

11.96 

350. 

440  CO. 

6C0C. 

C .  47 

84.6 

15.67 

52000. 

200C. 

0.25 

107.  1 

14.75 

6C0CO. 

2000. 

0.25 

99.7 

13.86 

750CC. 

2CCC. 

0.25 

89.2 

12.85 

3-183 


TABLE  3-40  (Cont'd) 

MINIMUM  IN-PLACE  COSTS  FOR  OVERHEAD  FIXED-END, 
ORTHOTROPIC  TWO-WAY  REINFORCED  CONCRETE  SLABS 
WITHOUT  WEB  REINFORCEMENT 


(0.  25^<4 


sc 


e  <&  2.  00, 

Lc 


Ls 

ft 

C*. 

q 

psi 

fdy 

_E£L 

4  4  0  C  0  . 

28.0 

0.6 

10. 

52000. 

75CC0. 

25. 

44CCO. 

520 CO. 
6C0C0. 

50. 

75C00. 

440CC. 

" 52CC0. 

_ _ _  6C0CC . 

750C0. 

75. 

44C0C. 

52CCC. 

-6C0C0. 

.100. 

75CCC . 
44000 . 
52CCC . 
6C0CC. 

1. 

150. 

75C00. 
44CC0. 
520CC. 
600 CO. 

200. 

75CCC. 

440CC. 

520CC. 

6CCC0. 

250. 

750CC. 

440CG. 

32CC0. 

6C0CC.’ 

300. 

“ 750CO. 
44CCC. 

520CC. 

6COC0. 

350. 

750CC. 
44CC  :  . 

520CC. 

6CCCC. 

75CCC. 


=  0,  2000 

^  C 

6000,  d  = 

0.9  D) 

f' 

C 

vSc 

D 

Ct 

psi 

'  Psi 

in. 

$/sq  ft 

2CGC. 

C  .35 

17.4 

3.27 

2000. 

0.35 

16. C 

3.09 

2C0C  . 

0.35 

14.9 

2.95 

2CC0. 

0.35 

13.3 

2.81 

2CGC. 

C.35 

27.5 

4.66 

2000. 

0.35 

25.3 

4.38 

2000. 

0.35 

23.5 

4.16 

2000. 

0.35 

21.0 

3.93  ~ 

2GCC  . 

0.35 

38.8 

6.23 

2000. 

0.35 

35.7 

5.83 

2CCC. 

0.35 

33.3 

5.52 

2CC0. 

0.35 

29.7 

5.19 

2000. 

0.35 

47.6 

7.43 

2000. 

C.35 

43.0 

6.94 

2C0C. 

0.35 

40.7 

6.56 

2CC0. 

0.35 

36.4 

6.15 

20CC. 

0.35 

54.9 

8.44 

20CC. 

0.35 

50.5 

7.88 

2C0C. 

0.35 

47.0 

7.44 

2C0C. 

0.35 

42.1 

6.97 

20CC  . 

C.35 

67.3 

10.14 

2000. 

C.35 

61.9 

9.45 

2000. 

0.35 

57.6 

8.91 

2CCC. 

0.35 

51.5 

8.34 

2C0C. 

0.35 

77.7 

11.57 

2C0C. 

C.35 

71.5 

1C.  70 

2CGC. 

C.35 

66.5 

10*16 

2CCC. 

0.35 

59.5 

9.49 

2GCC. 

0.35 

86.0 

12.83 

200C. 

0.35 

79.9 

11.95 

200C  . 

C.35 

74.4 

11.25 

200C. 

0.35 

66.5 

10.51 

2CGC  . 

0.35 

95.1 

13.98 

2CCC. 

C.35 

87.5 

13.01 

2000. 

0.35 

81.5 

12.24 

2CCC. 

0.3  5 

72.9 

11.43 

2  0  CO. 

r  .  3  5 

112.8 

15.03 

2CC0. 

C.35 

94.5 

13.98 

2CC0  . 

0.35 

88. 0 

13.15 

2CCC  . 

0.3  5 

78.7 

12.27 
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3,35  Eccentrically-Loaded  Column  or  Bearing  Wall 

When  the  structural  members  of  a  reinforced-concrete  structure 
are  designed  for  continuity,  eccentric  loading  of  compression  members  will 
normally  result.  .  For  such  systems,  moment  will  be  transferred  to 
exterior  columns  from  the  beams  or  slabs  which  the  columns  support.  If 
the  structure  is  formed  from  integral  roof  slabs  and  bearing  walls,  the 
roof  slabs  will  transfer  moments  to  the  perimeter  bearing  walls. 

This  condition,  whereby  transverse  members  transfer  shear 
and  moment  to  column  members,  is  similar  to  that  described  in  the  steel 
bent  analysis  of  Section  3.  24.  However,  as  noted  in  Section  3. 3  1,  reinforced- 
concrete  elements  are  specifically  fabricated  for  their  intended  use  while 
structural  steel  elements,  at  least  insofar  as  these  analyses  have  assumed, 
are  assembled  from  standard  rolled  shapes.  Thus,  it  becomes  feasible  to 
design  reinforced  concrete  beams  and  columns  (or,  as  their  design 
analogue,  unit-width  strips  of  roof  slab  and  bearing  wall)  which  will  have 
compatible  strength  properties  for  each  postulated  condition  of  loading. 

It  is  assumed  that  lateral  earth  support  will  prevent  any  sidesway 
of  the  structure.  The  beam  or  slab  (roof  or  floor  of  structure)  resists 
vertical  loads  and  is  rigidly  connected  to  the  column  or  bearing  wall.  The 
column  or  bearing  wall  supports  the  vertical  reactions  of  the  beam  or  slab, 
and  also  resists  lateral  loads.  The  analysis  will  be  developed  for  a  roof 
slab  and  bearing  wall  system,  but  obviously  would  be  equally  applicable 
to  a  beam-column  system.  Thus,  a  unit  length  of  bearing  wall  will  be 
designed  to  support  the  thrust  and  moment,  which  are  transmitted  to  it 
through  a  rigid  connection  by  a  unit  width  of  loaded  roof  slab. 

Depending  upon  the  external  conditions  of  moment  and  thrust, 
an^l  upon  the  internal  resistance  capacities  which  are  thus  developed  in  the 
reinforcing  steel  and  concrete,  an  eccentrically-loaded  reinforced  bearing 
wall  will  deflect  about  some  bending  axis.  If  this  neutral  axis  lies  within 
the  column  cross-section,  both  tensile  and  compressive  stresses  will 
develop  as  a  result  of  eccentric  loading.  Since  it  is  assumed  that  concrete 
cannot  resist  tension,  the  tensile  flexural  strength  of  a  wall  element  is 
controlled  by  the  area  of  tensile  steel,  the  yield  strength  of  the  reinforcing 
steel,  and  the  distance  between  the  neutral  axis  and  the  center  of  gravity 
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I 
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of  the  tensile  steel.  Similarly,  the  compression  flexural  capacity  of  the 
bearing  wall  is  controlled  by  the  effective  area  and  the  ultimate  com¬ 
pressive  strength  of  the  concretely  the  area  and  yield  strength  of  any 
reinforcing  steel  which  acts  in  compression,  and  by  the  distance  between 
the  neutral  axis  and  the  weighted  centroid  of  the  compressively-loaded 
areas . 

The  location  of  the  neutral  axis  for  a  loaded  wall  section  will 
depend  upon  the  eccentricity  and  magnitude  of  the  applied  loading.  How¬ 
ever,  for  a  specific  wall  and  a  given  magnitude  of  equivalent  static  load, 
there  may  exist  some  finite  eccentricity  of  load,  e^i  and  a  corresponding 
position  of  the  bending  axis  such  that  the  wall  section  is  simultaneously 
loaded  to  its  maximum  (P^)i  both  in  compression  and  in  tension. 

(This  hypothesis  is  not  valid,  however,  for  cases  where  the  bending  axis 
does  not  lie  within  the  wall  cross-section).  If  the  actual  eccentricity,  e^  , 
of  the  equivalent  static  load  is  less  than  this  "balanced"  eccentricity  , 

then  the  ultimate  load  capacity  of  the  bearing  wall  will  be  limited  by 
the  compressive  stresses  which  are  developed  as  a  result  of  bending.  If 
e<£}>  edb  '  the  tensile  resistance  of  the  wall,  and  hence  the  yield  capacity 
of  the  tensile  reinforcement,  will  control  its  ultimate  load  capacity.  Since 
separate  equations  express  the  maximum  strength  of  the  eccentrically- 
loaded  wall  for  these  two  conditions,  the  initial  design  requirement  is  to 
evaluate  and  e^. 

The  ultimate  resistance  of  a  short,  axially-loaded  bearing 
wall  of  reinforced  concrete,  assuming  an  increase  in  effective  strength 
of  the  steel  and  concrete  due  to  dynamic  rates  of  load  application,  is 
expressed  in  Section  3.32. 


where : 


0.  85  + 


«dt 


(3.32.  3) 


P^o  =  the  ultimate  compressive  resistance  of  a  unit  length 
axially  loaded  bearing  wall  (lb) 


A  =  the  area  of  a  unit  length  of  bearing  wall,  (sq.  in. ) 

For  a  one -inch  length  of  wall,  A  is  numerically 
equal  to  the  wall  width,  D. 
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f'd  =  ultimate' compressive  strength  of  dynamically-loaded 
concrete,  related  to  standard  28-day  static  cylinder 
test,  (psi) 


=  dynamic  yield  strength  in  tension  or  compression  of 
reinforcing  steel,  (psi) 

As  =  total  area  of  reinforcing  steel  in  a  section  of  the  wall 
taken  perpendicular  to  the  line  of  action  for  P^Q, 

(sq.  in.) 

By  assuming  that  Ag  consists  of  equal  areas  of  tensile  and  compressive 

A 

reinforcement  (A^  =  A"  =  — ^ — ),  and  by  assuming  dwan  3  0.  9  D  wall, 

Equation  3. 32.  3  may  be  written  for  a  unit  length  of  bearing  wall  as 


=  0.  945  +  2t 


(3.35.  1) 


where : 


As  £dy 


A1  =  area  of  tensile  reinforcement 
8 

The  eccentricity  of  the  balanced  equivalent  load,  referenced  to 
the  geometric  centroid  of  the  reinforced-concrete  bearing  wall,  can  be 
expressed  as 

M.. 

e  ju  =  (3-35.2) 


where  ,  P^  are  the  applied  moment  and  thrust  which, r  for  the 

particular  wall  under  consideration,  simultaneously  develop  its  maxinmm 
load  capacities  in  flexure  and  in  compression. 

The  ultimate  equivalent  balanced  load,  P,,  ,  can  be  expressed 

(371  “ 

for  a  unit  width  of  bearing  wall  as 
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db 

dc 


=  0.  85  k 


1 


90,000  °°f° 


dy  J 


(3.35.3) 


where  kj  is  a  factor,  standard  in  concrete  terminology,  which  relates  the 

area  of  compressive  concrete  to  the  net  area  of  flexural  member. 

The  ultimate  equivalent  balanced  moment,  M  j  ,  can  be  computed  from 
(401  db 

the  conditions  of  equilibrium;  '  By  assuming  A1  =  A"  and  d  -  0.  9  D,  and 

9  8 

by  postulating  that  the  compressive  steel  has  strained  to  its  yield  stress  when 
the  concrete  in  the  compression  zone  has  strained  to  an  arbitrarily-imposed 
,  the  following  equation  can  be  derived. 

-t2 


limit  of  0.  003 
M 


(40) 


0.425  k:2 


ficd 

Since  e 


90, 000 

to; oo6  n 


dy. 


+  0. 472  k 


90,000 

9b',i)Vb  +  { 


dyj 


+  0. 889  q. 


M 


(3.35.4) 


db 


db 


db 


,  assuming  kj,  =  0.  85  for  all  concrete  strengths  considered 


in  this  Study  we  can  write 


db 


=  0. 555 


38, 250 
90,000  F"f 


dyj 


+  1.045 


90,  000  +  f 


T573W 


is L 


(3.35.  5) 


,  as  expressed  in  Equation  3.35.5.,  is 
referenced  to  the  geometric  centroid  of  the  bearing  wall. 

When  the  ultimate  bearing  capacity  of  the  eccentrically-loaded  bearing 
wall  is  controlled  by  the  tensile  strength  of  the  reinforcing  steel,  <  P^ 

and  e  .  S  e  ,  ,  Incorporating  the  previously-referenced  assumptions,  the 

a  .  aD  .  (37\  ' 

expression  for  ultimate  column  capacity  becomes'  ’ 


IF 


du 


=  0.85 


dc 


0.  555  - 


T~ 


4 


0. 555- 


$  - 


09 


M 


(3.35.  6) 


Or,  by  substituting 


du 


='  ,  where 


M 


y  is  the  ultimate  resisting  moment 


of  the  eccentrically-loa<?ed  bearing  wall  and  is  its  ultimate  compressive 

strength  Equation  3.  35.  6  becomes 


KF. 


du 


=  0.  85 


dc 


M 


0. 555  - 


SP 


du 


du 


0.  555  - 


M, 
du 

FTT 

du 


f  2. 09  qd 


(3.35.7) 


When  the  ultimate  bearing  capacity  of  the  eccentrically-loaded  bearing 
wall  is  controlled  by  its  compressive  strength  in  flexure,  e^  <  e<dh> 


and  P  ,  >  r 
du  — 


db‘ 
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The  limiting  load  condition  is  approached  as  approaches  zero,  when 

becomes  equal  to  the  ultimate  axial  load  .  For  the  region 

,(40)  TkiB  yields  the 


0  ^ed  -  edb 
equation 

Pdu 


a  linear  variation  of  P,  is  assumed' 

du 


(0.  945  +  2  q  ) 


d  f 


'do 


1  + 


(0.  945  +  2  qd)  (90,  000  +  f  ) 

- strroc - *  1 


(3.35.  8) 


-1  edb 


Equations  3. 35, 7  and  3.  35,  8  express  the  ultimate  bearing  wall 


resistance 


du 


, in  terms  of  the  material  parameters  and  the  ratio 


'db 


Equation  3.35.5  provides  a  general  solution  for  e^,  expressed  in  terms  of 

M. 


the  material  parameters.  The  term  e  . 


du 


reflects  the 


du 


relation  between  the  moment  and  thrust  imposed  on  the  wall  by  the  roof  slab,  and 

M 

Is  entirely  analogous  to  the  — -p  term  which  appeared  in  the  equations 
for  the  steel  column  bent,  Section  3.  24,  In  similar  fashion,  Mdu  and  P^u 

can  be  related  to  the  loading  system  for  the  slab  and  bearing  wall,  and  thus 
expressed  in  general  terms. 

The  axial  thrust  on  the  bearing  wall,  as  was  assumed  for  the 
steel  bent,  can  be  taken  as  the  sum  of  roof  slab  end-shear  and  direct 
load  on  the  column.  Thus,  for  a  unit  width  of  slab  and  wall  and  an  equivalent 
static  load  q  , 

P.  =  V  ,  ,  t  q  D  (3.35.  9) 

du  slab  n  wall 

Since  the  wall  is  assumed  to  furnish  fixed-edge  support  to  the 
roof  slab,  the  end  moment  for  a  unit  width  of  slab  with  unit  equivalent  load 
q  is  MsUb.  This  moment  is  taken  as  the  ultimate  resisting  moment  for 

the  slab,  since  it  is  assumed  that  slab  design  will  be  based  on  a  controlling 
flexural  mode.  In  the  design  of  the  steel  bent,  due  to  the  probability  of 
favorable  moment  readjustments  and  because  of  the  conservative  assumptions 
as  to  plastic  moment  capacity  at  sections  where  shear  and  moment  act  in 
combination,  the  beam  end-moment  was  equated  to  the  axial  column  moment. 
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For  reinforced  concrete  analyses,  however,  since  the  members  are 
relatively  stocky,  the  increment  of  column  moment  due  to  the  eccentricity 
of  shearing  load  is  also  included, 

Md 

By  expressing  p— ratios  for  the  several  types  of  roof  slabs, 
du 

expressions  for  ultimate  bearing-wall  resistance  are  developed  from 
Equations  3.35,7  and  3.35.8.  The  lateral  loads  \bhich  the  bearing  wall 
must  resist,  in  addition  to  thrust  and  moment  from  the  roof  or  floor  slab, 
are  not  explicitly  included  in  the  analyses.  These  loads  are  of  appreciably 
lesser  magnitude  than  the  vertical  loads,  for  all  shelter  desigmconsldered 
in  this  study,  and  their  general  effect  is  to  increase  the  capacity  of  the 
bearing  wall  at  the  wall-slab  connection.  In  rare  instances  it  might  be 
advisable  to  examine  flexural  stresses  in  the  central  portion  of  a  bearing 
wall. 

( 1 )  Bearing  Walls  Supporting  Qn e~ Way  Reinforced  Slabs 

The  one-way  reinforced  slab,  when  used  as  a  cubicle  roof  or 

floor,  spans  between  the  side  walls  of  a.  shelter.  For  the  rigid  slab-to-wall 

connection  asnumed  in  this  analysis,  these  side  walla  are  eccentrically 

loaded  by  the  slab,  The  end  shear  transferred  to  the  bearing  wall  by  a  unit 

width  of  loaded  one-way  roof  slab  is  6  q  L,  whore  q  is  the  equivalent 

static  load  on  the  roof  slab  and  1.  is  the  clear -span  length  of  unsupported 

slab.  Similarly,  still  assuming  a  rigid  slal>-l:o-wall  connection,  the  end- 

2 

moment  of  a  unit  width  of  one-way  roof  slab  is  9  q,!L>  . 

No  reinforcement  other  than  temperature  steel  Is  provided  in  the 
transverse  slab  direction,  since  the  slab  is  considered  to  resist  flexural 
stresses  in  one  piano  only.  However,  steel  detailing  must  recognize- the 
possible  occurrence  of  localized  stresses  at  the  connection  between  the 
end  wall  and  the  slab.  The  end  wall  can  bo  designed  either  as  an  axially- 
loaded  bearing  wall(Section  3,32)witb  lateral  load,  or  as  a  laterally-loaded 
one-way  slab  (Section  3,  33)  which  also  supports  an  axial  load.  The  choice 
between  these  two  approaches  in  largely  one  of  judgment,  and  will  be 
influenced  by  the  relative  magnitudes  of  vertical  and  lateral  loading. 


Ilf  RESEARCH  INSTITUTE 
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The  ultimate  load  capacity  of  a  bearing  wall  supporting  a  one-way 
reinforced  slab, assuming  a  equivalent  static  load  is  applied  axially  with 

approaching  zero,  can  be  obtained  by  substituting  V  =  6qL  in  Equation  3.'  35.  9, 
assuming;  d  =  0.:?D  ,'  and  substituting  in  Equation  3.  35,  1 


0. 1575  +  0.333 


~slab 

wall 


.+  0.  185 


(3.35.  10) 


The  ultimate  equivalent  load  capacity  of  the  bearing  wall,  assuming 
a  balanced  loading  (ed  =  edb  ,  Pdu  =  P^)  *  *s 


10,830 


lab 
^  \  ^wall 


+  0. 185  (90, 000  +  f .  ) 

dy 


(3. 35.  11) 


The  ultimate  equivalent  load  capacity  of  the  bearing  wall,  assuming 
a  tensile  failure  in  flexure  (ed  edb  ,  Pdu  <£.  Pdb)  ,  is’ 


ST 


where 


0. 1417 


"slab 


wall 


+  0. 185 


M 


0. 555  - 

\ 


TP 


du 


du 


\ 


M  \2. 

0.555  1  +  2.09  qd 


d  P, 


du 


M 

du 

^du  ^wall 


-=1.5 


slab 

^wall 


1  +  0. 370  | 

fd  11  1 

wall 

'"’slab/ 

1  +  0. 185 

f  dwall  1 

[  ^slab  j 

(3.35. 12) 


(3.35. 13) 


The  ultimate  equivalent  load  capacity  of  the  bearing  wall,  assuming 

P,J  ,  is 


a  compressive  failure  in  flexure  (ed  <  edb  ,  Pdu  db 


dc 


0. 1575  +  0. 333  q 


slab 

L^wall 


+  0, 185 


1 


■"  hz:w$  t—  ^  e 

1  + 1 ^ - 

(3.35.14) 
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Table  3.41  contains  computed  resistance  functions, ,  for 
bearing  walls  supporting  fixed-end  one-way  reinforced  concrete  slabs. 

This  table  has  been  prepared  by  introducing  representative  values  of  fj 
and  into  the  equations  appearing  in  this  section.  The  tabulated  functions 
do  not  provide  a  unique  solution  for  the  width  of  bearing  wall,  since  various 
values  of  d  ^  can  be  associated  with  a  given  equivalent  Btatic  load,  q,by 
varying  and  f^  .  Thus,  cost  analyses  must  be  used  to  establish 
the  optimum  wall  depth.  The  same  table  can  be  used  to  determine  design 
parameters  for  column  members  in  a  rectangular  bent,  in  which  case 

yi — ^ -  must  be  substituted  for  ,^-2 —  . 

1  dc  column  dc 


(2)  Bearing  Wall  Supporting  Two-Way  Reinforced  Isotropic  Slabs 

As  described  for  the  one-way  slab,  a  two-way  roof  or  floor  slab 
will  span  between  supporting  walls.  Unlike  the  one-way  slab,  however, 
the  two-way  slab  will  transfer  shear  and  moment  to  all  four  perimeter 
walls,  For  square  two-way  slabs  (oc  =  1.  0),  moment  and  shear  both 
remain  constant  along  the  entire  slab  perimeter.  For  rectangular  slabs 
(cx  <  1,  0),  the  end  moments  of  the  slab  in  the  short  span  (Lg)  direction  are 
larger  than  those  in  the  long  span  (L^)  direction.  Assuming  fixed-edge  sup¬ 
port,  the  design  moments  for  a  two-way  reinforced  isotropic  slab  are  as 
follows'  2 


=  144  q 


— ^  \[3  ' 

M  2 
4- rx 

L 


Lg  direction  (3.35.  15) 


Ljjdir  ection 


Despite  this  imbalance  of  maximum  moments,  however,  the  isotropic 
two-way  slab  is  designed  with  equal  reinforcement  in  both  directions.  The 
average  bearing  reaction  per  unit  length  of  bearing  wall,  assuming  the  slab  is 
uniformly  supported  on  its  four  sides, is  expressed  as, 


average 


6  <1  LSLL 

<ll  +  Ls> 


(3.35. 16) 


For  the  one-way  slab,  since  end  walls  presumably  remain  unloaded 
by  the  slab, 

V  =  6  q  L  (3.  35.  1 6b) 

average  ^ 
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Table  3-41 
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Thus,  for  a  square  slab  (oc.=  1.0)  the  average  edge  bearing  due  to 
a  one-way  slab  will  be  one -half  that  due  to  a  two-way  slab.  For  very  long 
slabs  (oe-fcO),  the  edge  bearing  will  be  approximately  the  same  for  both  types 
of  slabs. 


In  fact,  however,  the  edge  bearing  is  not  uniform  along  the 
(39) 

supported  edges  of  a  slab  .  This  non-uniformity, which  was  implicitly 

ignored  in  the  analysis  of  bearing  walls  supporting  one-way  slabB,  may  be 

(2) 

of  greater  concern  when  two-way  slabs  are  considered.  Other  studies'  ' 
have  recognized  the  effects  of  two-way  load  distribution  by  proposing  that 
the  ultimate  shearing  capacity  of  a  one-way  slab  (V  =  0.  22  d  f'dc)  be  increased 
according  to  the  following  relationship. 

V.  =  V  -£-  ( 1+00)  for  Oi.  ^0.5  (3.35,17) 

two-way  one-way  3 


By  implication,  the  maximum  slab  reaction  on  the  bearing  wall 
is  thus  considered  as  6  q  L«g  x  2(1  +bc)  =  fT'+'sffi"  '  The  relation 
between  maximum  end  shear  and  average  end  shear  for  an  isotropic  two- 
way  slab  then  becomes, 


maximum 

7 - 

average 


-9qLs  I 

.  TTToTT  -1 


q  Lg 

_  l  TT+oT 

"  r  *  1 

IfTcTr  J 


=  1.5 


(3.35.  18) 


In  order  to  obtain  general  design  expressions  for  bearing  walls 
supporting  loaded  slabs,  the  ratio  of  moment  to  shear  at  the  slab  edge  is 
required  (Equations  3.35,7  and  3.35.8).  There  is  some  uncertainty  as  to 
the  most  realistic  M/V  ratio  for  slabs  in  general,  and  for  two-way  slabs 
in  particular.  As  an  approximation,  reasoning  that  the  end  walls  should 
be  able  to  support  the  ultimate  capacity  of  the  slab  reinforcement,  the 
end  bearing  walls  supporting  an  isotropic  two-way  slab  will  be  designed  for 
the  same  loading  conditions  as  are  assumed  for  side  walls.  Thus,  for  a 
fixed-end  isotropic  slab  and  equivalent  static  load  q  , 
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6  q  Lg 
^slab  ~  ( 1  +  ci.  ) 

.  6qLs 

Pwall  "  (i  +  ol  )  +  q  wall 


Mslab  =  3t*  LS 


“wall"  3«LS 


\[  3  +  CC2-  OL 


ct'2roq 


3  q  i*  d, 


(3.35.  19) 


S  wall 


(i  +  o-  r 


The  ultimate  axial  load  capacity  of  the  bearing  wall,  assuming 
equivalent  static  loading,is 

1 


0.  1575  +  0.333 


(3.35.  20) 


rr+  ot  y  a 


+  0.185 


where 


or  - 


LS 

'Ll 


Lg,  =  clear  length  of  slab  in  short  span  direction,  (ft) 

L^  =  clear  length  of  slab  in  long  span  direction  (ft) 
d  =  cross-sectional  depth  of  bearing  wall,  (in.) 

For  balanced  equivalent  loading  (e^  =  ,  P^u  =  P^)  lhe 

ultimate  capacity  of  the  bearing  wall  is  , 


ff-  = 

dc 


r  LS 

(  TToCVS 


10, 830 


+  0. 185 


»  90,  000  +  f  , 

J  L  dyj 


(3.35.  21) 


Assuming  a  tensile  failure  due  to  flexural  loading  (e^  ^  edb  ’ 

^  ^db  ^  uLimate  equivalent  load  capacity  of  the  bearing  wall  is, 
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dc 


where 


0. 1417 


(1  ToTTS 


+  0,185 


M 


10.  555  - 


du 


du 


-I- JO.  555 


M 


du 


P~~K 


=  1.5L. 


du  wall 


('HTST-a)2  .  art's 

. '3~"w  *  (1  +q  )  ' 

(TTcT)  +  0.185  d/Lg 


+  2. 09  qd 
(3.35.  22) 

(3,35.  23) 


The  ultimate  equivalent  load  capacity  of  the  bearing  wall, 
assuming  a  compressive  failure  in  flexure  (e^  <  ®db’  ^du~  ^db^’ 


*£" " 


0.  1575  +  0.  333  qd 

•  1 

L‘1 

'  (0. 945  +  2 qd)  (90,000  +  fdy)  ^ 

°d 

u"TaTawai; +  °-  ,85J 

65  r 000 

edb_ 

(3.35.  24) 


Table  3.45  contains  computed  resistance  functions,  —  ,  for 

1  dc 

bearing  walls  supporting  two-way  isotropic  reinforced  concrete 
slabs  with  fixed  ends.  This  table  is  used  in  similar  fashion  to  that 
described  for  one-way  slabs  (Tables  3.41  to  3 . 44  inclusive). 

(3)  Bearing  Walla  Supporting  TWo-way  Reinforced  Orthotropic  Slabs 

For  oc  =  1.0,  designs  are  identical  for  orthotropic  and 
isotropic  two-way  slabs.  For  values  ofoc<1.0,  however,  the  flexural 
reinforcement  in  the  long  span  direction  is  less  for  the  orthotropic  slab 
than  for  its  isotropic  counterpart.  Side  bearing  walls  for  orthotropic 
slabs  are  analyzed  as  described  for  walls  supporting  isotropic  slabs.  The 
behavior  of  end  walls  supporting  orthotropic  two-way  slabs  will  be 
intermediate  between  that  of  end  wall3  supporting  one-way  slabs,  where 
no  slab-to-wall  moment  transfer  is  assumed,  and  the  functioning  of  end 
walls  in  combination  with  isotropic  two-way  slabs.  Separate  design 
analyses,  accordingly,  will  be  supplied  for  end  walls  and  side  walls  when 
loading  is  applied  through  orthotropically-reinforced  slabs. 

The  edge  moment  and  shear  for  the  orthotropic  slab  are  com- 

(39) 

puted  as  described  for  the  isotropic  slab,  after  the  introduction1  of  the 
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affine  transformation  /^e 
following  are  obtained. 
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.  By  this  substitution,  the 


V  =  6  q  Lg  ' 


N3  -  201 

2 

3  -  2  a  +  o l 


2  2 

Mg  =  3  q  Lg  (3  -  2  CC 
2  2 

Ml  =  3  q  Lg  cc 


Short  direction 


Long  direction 


(3.35.  25) 


The  ultimate  axial  load  capacity  of  the  bearing  wall,  assuming 
an  equivalent  static  load  is  applied  to  the  orthotropic  slab,  is 


,  ,  0. 1575  +  0.333  q, 

Lg  loading  q  _  _ _ _ _ _2_ 

dc  hS  ■  I  \|T  -  2  oi  2 


L^  loading 


wal1  \\3  -  2<X2  +a2 


0.  1575  +  0.333  qd 


Tzo?1  +  CL2 


+  0. 185 


4-  0.  185 


(3.35.  26a) 


(3.35.  26b) 


Assuming  a  balanced  equivalent  loading  (e^  =  ^du  ~  Pdb^’ 

the  equations  for  ultimate  capacity  of  the  bearing  wall  are 


Lg  loading 


"LS 

tl  77 

wall 


10,830 


2CL  +  cc 


j  +  0.  185  90,  000+  fdy 
?  ~  (3. 35,  27a)' 


LLloading  ^3—  =  _ — 

dc  Lc 


10,830 


.  2  rv  ^  4-  cx  ‘ 


+0.185  90,000  +fdy 

(3.  35.  27b) 


Assuming  a  tensile  failure  due  to  flexural  loading  (e^  =2  , 

P  ;£  P„  ),  the  ultimate  equivalent  load  capacity  of  the  bearing  wall  is 
du  db 


-2  04 


Lg  direction 


Ll  direction 


(3.35.31) 


Tables  3,49  and  3.56  supply  computed  resistance  functions  as 
obtained  for  eccentrically-loaded  bearing  walls,with  side  and  end 'walls 
separately  considered,  ahd  equivalent  static  loading  supplied  by  two-way 
orthotropic  reinforced  concrete  slabs. 

(4)  Cost  Studies 

Giving  consideration  to  the  most  economical  use  of  materials,  it 
becomes  apparent  that  only  tension-type  wall  failures  are  of  importance 
for  the  spans  and  equivalent  loadings  considered  in  this  study.  This  type  of 
failure  is  expressed,  in  its  most  general  form,  by  Equation  3.  35.  6.  For 
walls  or  columns  supporting  one-way  reinforced  slabs  (Tables  3-41  to  3-44), 

tension  governs  for  <0,09482. 

1  dc 

This  value  corresponds  to  the  following  pressures  and  concrete 

ratios . 
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Table  3-51 


H 


w 


M 


n  »  t  a 

O  O  O  r-i 


Noiro 
o  o  o  — 


r~  «  T  o 

CJOO-* 


(0  <7*  Q 

•  •  /  i 

«  a  o  — 


N  B  O 

o  c  o  -h 


K  (7*  O 
OOUh 


r-  •  <*  o 
o  o  o  -* 


s«»o 

♦  *  ♦  » 
o  a  o  ^ 


o  o  a  ~ 


oooo  OOoo  oooo  oooo 


o  o  o  o 

OOOO 


oooo 

OOOO 


oooo 

oooo 


o  o  a  — 

*4  (M  <\  M 

onoc 


3-209 


a  ffl  5e 

41  pi  i 

3  5  g 

«  in  > 


—  w  1 

'H 

§  a  si 

°  w 


2  *  ' 

§  4 

-H 

H  -O 
U  o  I 
W  a  m 


H  »W 

W  0  £ 

o  *: 


n4^0< 

■t  #  C*  h  Wl  A>  «f  0 
m  *a  0  in  -4  0  «  n- 
»  f*  h  m  niflHN 
m  i-  a  ®  >q  p  x  □ 
•0  1/3  P-  x  ®  0* 

a  a  a  x  d  ©  o  x 
oaoo  q  o  c  o 


«r-a«  ’  to  Min  N 

oocoin  in  0  «  ® 

Mitnim  <r  m  mo 

0  X  0  in  X  M  N  O 

0  -s  ®  g  mno»f 

W  0  M3  0  #lftNO 

oooo  ooox 


«  H  •£  O  HH 

113  0  «M  IN  ■*  0 

OhO<t  lx  ra 


(si  a  o  infrox 

ho  a  csin-t 

0  is  (4\  cm  *>»  n  <# 

to  ■  i/3  to  &  N  « 

D«  X  G  O  H  H 


i  f  in  to  HiftMO  o  HI?  N 
NOOlA  (A  ®  <A  K  O  LfttON 

WMMN  W  CA  0"  O  OXAN 

•xtANcn  in  h»  n<  <e  m  m  in  •n 

HIVXifl  Q  O  Q  <6  L/Mt  OO 

8w  oh  m  n  0  im  >oNrn 

00x4  O  a  O  -H  O  O  O  H 


n  *a  o>  ^  x  i%  in  a.  H  o>  «  *  ® ia 

s  x  m  a  m-  ®  o  xojp<«  xin  4^ 

J  0  tn  3  cm  m>  cm  iawiaca  im  x  q  o 

i  -o  o  hma»  «oi-  w  x  nJ  m 

1  O*  IX  Hoxx  0NinMS  3n*0Jx 

<  n  N  a  cm  •*  «e  o  n  into  ~i  m  ifj  0 


J  (M  ®  tf-OCMO  N  N  NX 

1  x.  eg  in  D  Cl  d  *>  m  —  —  o  cm  ®  ® 

4  ®  0  i\|  N  «  x  x  0  m  |A  0  in  X  0 

■  •*  -N  <Sj  N  P»  «  MINh  A  IA  W<* 

■i  in  0  'f  t  rj  -  oin  <n  o  m  x  mj  O 

■*  x  m  ■&  »  cv  •&  ooN4)  ?-<cik 
)H  H  OOhx.  q  x  x  x  ohxh 


OOOO  OOOO  OOOO 


laao  oooo  oooo 


®  <0  0  - 4  #XA  ♦ 

+  A  O  NO  O 

0  0  N  «fl  oinmh- 

0  cn  « <n  noon 

<>OI» 
MOQil  SAX41 

QOHX  0  0x4x4 

oooo  OOOO 


®  ®  ®  0  m  »  o  0 

0  0  1*10  -#  N  ^  s 

AAOQ  NHXQ 

A  40  S  *txNO* 

000*04 
a4#h  in  >4  ra  xi 

O  O  O  -H  0  0  0-4 


3  0  0  OOOO 


ft|AN-4  N  tdx  K 

pJinisro*  m  01  c-  » 

x3o-4*n  a-  i*  ®  o 

iM'im o  in  >q  x»  m 

US  O  in  ID  (*  AO  A 


« 0  0  oinoo  i  ia  n-  0  - 


x  o  in  to  'flOOA 
0*  03  O  CM  INMA  N 
0>  in  m  m  ‘(430*0x1 
N  CA  0  *0'  ,  IA  (A  IA  I- 

0000  oooo 


m  0  «n  o  <0  MNP 

x*  49  *f  0  (T  A  h  fM 

h«a<  c-  c»  o*  (A 

«NN-  -404® 


«*r  is  c  c*jon« 

P  AhN  I  O  (0(0  m 


A4I-0  P  J|0  A 
-dnp  ♦  X  P  NS 
aoo—  00-4x4 
oooo  oooo 

a  O  "  0^00 


00-01-  omo*M) 

O  -t  14  i43  lx  0*  m  rt 

ppnp  —  0  «c  n 

fMrtin  004x4 

P  X  J  o  x  A  4)  A 
O  X  X  4M  H  H  H  N 

o  o  a  o  000a 
ootjo  o  o  o  a 


-N  4  w  0  - 

1*  H  4  N  53  - 

r-Ni*  h  —  (■ 

->  x(  M  0-  o  - 


o  o  a  o  oooo 
oooo  oooq 


-  O  41  "  U1  W  U  m 

a  0  o  ia  pm  0  0  « 

IN  IN  IA  0  CM  «N  »A  0 

oooo  OOOO 

Oooo  oooo 


OP  ♦(»  HI.4MD 

0  ia  P»  r-  w  <0  0*  r*i 

N  #  S  H  (Mipx-rn 

in  «  o  o  04000 

n  >r  a  <o  -n  4  x(  0> 

-  H  H  N  X  X  CM  N 

OOOO  OOOO 


iflNttO  m  0  -4  rg 

nff  SH  0  (43  40  (43 

ONOA  N  '0*0  O 


l*r  IAX  m  0»  in  00 

3000  oooo 

aooo  o  d  o  o 


srsimiA  m  dc-  * 

I  *1  A  '  OH4JP 

I  PXN  f-nJoo 
;  na a  (m in *n  in 


OO  -oooo  oooo 


»mC~0*  ■  N0x(X  O  1"4  H  4 

-4  m  x  in  1  x  0  m  ®  -a  ®  0  cm 

o  —  nj  r-  ioo4o  n®0O 

CO  X  pg  (43  Ishch  m  o  -o  o 

M>  ®  O  0  spno  AO  N  X 

00-4-4  Q  o  H  H  g  X  X  x 

oooo  'oooo  oooo 

OOOO  ‘OOOO  oooo 


ocjoo  000,0 

x--J®0>  •rO'fMcn 
-gC  m  0  r-  ia  x  ©  0 
iom»aj£  ta  0  m  H  ca 
*f  «  in  in 
don  iSSw  -  —  00 

x  CM  M  (A  ->TV«£J  (A 

oooo  o  000 


0  -4  m  0  ONIAH 
O  H  X  x  X  X  X  CM 

oaoo  oooo 

ocjoo  OOOO 


Px*0o  hj«3  0>o  p;  930;  O  ^®ojo  ^a!<,lcj  ^  ^  »  o  ^  ^  ° 

'000-4  a  o  o  x  a  o  o  x  o  o  a  x  000-4  OOOx  ooox  ooox  ooox  o  o  o  x 

m  (43  143  «*3  -c  -n  -c  in  AAA  4  A  4}  o  x  r-.  x  ~  ran®®  .0000  9000  x  p-4  x  x  cm  Cm  cm  Cm 

oooo  aooo  oaoo  aoao  oooo  oooo  joooo  xxxx  x^xx  x  x  x  x 

oooo  oooo  oooo  o o  q  o  o  a  o  d  oooo  odoo  oooo  oooo  oooo 


3-210 


■s  0 

Q.  d 

_  ft  o 
2  ft  o 
2  w 
®  h  *»' 
•f  d 
■ft*  4) 


♦2  <  >i 

“!  M  ^ 

m  (Q  Et 
JS  A 

3  o  2 

d  In  ? 
H  y  H 

2s  Sl 

*  g 

g  s 

S  H 
8  O 
H  » 
U  H 


o  .  ° 


3*«| 

■  i -l 
a  > 

S  .$  g 

s'  I  J 


•  «N  *  *  *  •*  miAl/  o 

©  *  M  ,  ♦  -  N  ©  A  ©  4  S» 

-  «  O  N  4  —  IN  fflAA  HI 

MflW  fCh#  4HO  n 

—  -J  N  ft  —  ©  *N  IN  •  — 

•  J  *  «  I  t  I*  ■ 

o a o  o  e  oo  ooe  o 


1NPIV  NAN*  •  -  -  © 

o  s>o  «  ^  *  ifl  m  m  0  p~ 
■>mo  ©mao 

A  ©  O  »  o>  0»  ®  NIMC  <o 

O  A  ±  0>  ft,  -  A  -  *  |»  <0 

4NO  ON©  —  N  so  *■  *n 

—  —  —  N  H  J  H  IN  —  -  — 

»  «  •  »  i  P  »  (IJ 

O  o  o  oqoo  OOCO 


'  -  OP  -  q-W  —  mm© 

t  A  O  Ift  hHlflO  fN4  f 

■  WCP  ©  ©  ©  a  WlftC  ffl 

(OO  IA  QNP  ©  —  *  9* 

INOP  p5-8  RiAA  p 

—MO  d^-o  --HO 


!  ®  ©  IN  *>  *1  ®  —  A  A 

I  Q  N  O  ®  ©  —  A  A  — 

■  pnn  ©  a  ©  a  Am 

N  ©  A  OHOP  A  M 

©*i.o  ifljm  a  © 

a  r»  m  *i  □  ®  o  ©  — 


©  a  m  k  «  o  » © 
-«  ©  A  ©  — (MIAN 

-  -  p  n  I  a  <n  —  © 

rfrtOl*  P-  O  y  — 

<N  ©  m  m  !  ®  o  in  IN 

©  m  O  ft.  .  ©  ©  —  « 

IN  IN  <N  -  N  N  N  -* 

oono  d  d  d  o 


O'flriQ  ‘  a  m  —  CD 

a  f-  —  y  —  in  m  in 
O  in  m  ©  -0««< 

O'  ©  o*  ©  r»  a  a  fti 

!•■  ©  N  A  mm  —  © 

m  ©  p.  y  ©  —  »  a 

INN-H  N  N  -  - 

OOOO  OOOO 


m  ©  •  *  »*■  m  m  © 

NONtfi 

aonn  ©  d  n  in 

I-  N.  o  5j  in  M  O'  (A 

©  —  N  0  a--P 

A  ©  m  d  o  -  ©  - 

—  —  -  -M  N  -  —  - 

oood  oooo 

©  a  9*  H  »  ®  o  m 

•t  a  <o  «o  auMooj 

MN  M  q  0#«lp 

©  0  ©  pJ  O  >»  P  N 

ONmN  0*003 


©©A  N  P  -  P  N  1*1  d 

p-  p»  m  oa  «o  q  ©  © 

A  A  IN  IN  O'  O  O  m  O  © 

S  —  IN  NPNP  <0  eo  O' 

• 0 ©  ©  O  A  © 

iflNO  a  ©  m  —  oo-* 

—  —  —  —  -  —  —  ftl  —  - 


55SS  £ 

C  -  «IA  © 
»  «PO  O 
5  vo  O'  op  in 

5  o 

C  O  O  o  - 


f  «  lAN  *|  O  4  A  IN  O  O'  < 
Q  o  in  a  mm*®  A  •*  -  » 

©  ©  P-  a  n  :  A  A  p.  n 

OMnin  IN  ©  4  ©  A  A  N  < 
in  y  eo  in  in  ©  ©  in  -■#•!{ 

o  ft  a  ©  —  in  .mpm 

—  coo  — oco  I  —  OO- 

oeoa  ooco  loao 


Q  P  O  4  tt  O  ©  -  ft  A  ©  o  4B  AIM  004 

*»  —  £  «  p*  ©  »  ©  aa©  —  «epn  o  m  ft 

9  ©  +  *1  *  ©  P- *1  o  IT  —  o  -r  •+  - 

m  in  1*1  ra  *  o  —  IN  r— mo*  4)  ©  p-  4-  4f  I 

ON-A  BOM—  4  n.  *  O  mp  ON  poi 

mom©  m  —  ®  p-  *  —  o*  p»  apom  3md 

H-OO  H-OO  -  -I  O  O  o  —  —  - 

4©od  oooo  codo  o'oed  ode 


i 

ipn/i  ©  *  p-  m  -#dif  *  I  ©  m  ©  o 

es?  c?;s  »siR  IS3S5 

22?  SSSS  SBPS  !S3S5 


m  in  PIN 
o  o  doc 
od  c|  o  c 


o  ©  —  to  9  m  «  m  m*  o©  ©on 

—  o  ©  «  -  ©  m  PJ  —  ©  —  ©  ©  IA  « 

—  mmrn  v  4  -*  a  ®  -  p.  m  m  p-  p 

m«©m  t  pap  •*•*£»  —  * 

9*©om  i  nan  m  04 

9-P*©©  C  M4A  ^“EriJ 

o  a  o  o  -ooo  — ooo 


3?s?  5asc 


AO  OOC  P 

#©  in  —  pm  •©miNfl 

m  I-  «jp»«*(7>  'in©OP 

—  m  in  —  -  m  in  o*  o  p 


ao*o  onm  « <i  <r  w  ab>  b  -«#< 

*  ©  o  o  f"  o  N  N  p-iNo*  ©  ©  -  *n  m©or 

a  «NA  a  -4  to  n  ©m<v*  m  p»  r  —  oncm 

IT  — OA  *—  Pi«  IN  91  A  —  9*  P*  P  A  A  A  <0  4 

n  b*  p  ip  4  Nrp  o  -r  —  t  m  p.  r  o  r*©An 

—  OOO  OO  in  p4  —  o  IN  —  -—  N  N  —  - 

OOOO  OOOO  OOOO  ooco  oooc 


r-  m  m  ©  n  w  N  9 

A*mn*  ©*miN 

OOOO  OOOO 

oood  oooo 


©  —  W  A  i  A  A  IN  IN  >T4 

ifl  4  O  N  |©miN©  A4 

ppinc  ©p**o  ©► 

ANom  mm  —  —  ©<4 

o  o'  co  y-  [ymo©  —  ® 

lt>  in  —  —  l  m  IN  IN  —  *1  A 

OOOO  OOOO  oc 


3  0  0  0  OOOO  004 


I 

*j  •  *  ® 

OOO—  does  — 


mmmm  aaaa  ©©©©  p*  p-  »*•  p* 

oooo  dooo  OOOO  OOOO  OOOO 


OOOO  oooo  oooo  oooo  oooo 


OOOO  OOOO  OOOC 


3-211 


021145*  0-03353*3  0.0510521  0.0876763  0.1169079  0.147270*  0. 1776345  0.2072&73 


I 

<*) 


■s 

p-l 


w 


3  <2 


w 


t3  rt 


O 

SPlA'fl 


a  o  o  a  oooo  o  o  o  o  oocjo  ooon 


oooo  a  o  o  a 


:l 


3-212 


I 

I 


—  —  (*J  IN  *■ 

•  t  I  ' 

o  o  o  o  c 


/Hffi  o  ITNOf 

nnh  »)  in  in  in  - 

a  d  a  cj  dose 


§  9 

r  v 

u  «r  S 

§  S  - 

5 

a 


“  i " 

Q  £ 


n-  ©  in  jiglfca  —  —  -  4  »  mn  r 

on-*  «  in  *  un  Nifljh  —  to  o  n 

—  mo  -  to  *■  n.  «  »  «  o  •  4  ©  4  c 

lAdD  UNCO  O'  tm  r An 

SO  f  BNHifl  4  4  4  4  O  4  TO  n 

nj  6  —  ec  n  (N  ©  <0  n 

—  —  —  NH»*»4  N--H  AJ  —  -  - 

»tl  IJM  11  1  l  j  • 

000  aqoo  ooco  ©doc 


!S  6SS8  SKiSS 

>  ®  in  C  in  ©  4  —  TO  © 

}  i*>  ©  g  -h  cc  to  in  n  © 

40  h  *  ■*  o  —  —  -  o 

So  dodo  ooco 


to  —  —  4  n  ©  m  m 

©  to  m  in  ■»  >*■  o>  rv 

©  n  4  H  «  n  to  4 


r  m  «h  a  m  ■  n» 

I  Hlfl  ©—CO 

i  >«  ©  ©  m  n  n 

1  a  O'  in  in  i»  o 

«  4  m  51  <0  *  4 

:  »<  4  «*  o  N 

■OO  -4  -i  C  O 


<<on  4  <  to  o  m  •-  o  to  :  ©  t/1  to 
3  n  o  ocinm  o  <  4  m  m  in 
)D>«  ftj  ^  «  in  N  G<  IN 


000  o  q o  a  ooe 


to  to  4  1  to  h  ©  o\ 

©  in  q  ©  «  4  in 
-  —  4  TO  9  TO  01 
■f  5JN  1  4  4  to  nj 

o  a  o  o  c  a  a 


to  TO  4  4  /  - 

■-  m  mine  in 

©  ©  4  in  o  to 


o  to  in  ©  tog« 
to  4  •«  4  inmniN 
<  N  *1  4)  ©  —  4  © 

O'  ©  O'  G  IffiUlffN 

4  o  n  in  n  m  ><  g 
N  o  to  4  inoam 
in  rg  -  -  I  r/  ni  -  - 

dodo  dodo 


m  4  w  ©  9  mn  — » 

to  to  c  4  v  to  rv  to  inn 

«  in  in  4  t  gnm  me 
--44  4  o  in  —  to  * 

to  ©  o  «n  n  to  «  to  to  . 


in  —  -  -  nhmm 

dodo  dodo 


3  m  5  •  ©00  4  © 

4  4  to  ©  ONiftrt 
a  to  ©  is  ro  —  i*  4 
©>090  MAS" 

3  m  —  O'  TO  4  —  © 
"940  4  4^0 

OOOO  OOOO 


asi s  lass;  sags  ESS  3 

m«40N  :©i/1toi/  -«  m  ©  «  ©44TO 


—  m  ©  to  ©  4  4  to 
TO  in  to  tv  iroMiM 
a  in  -  m  ao  o  a  — 


ddod  d  c 


©  4  ©  ®  in  -  « 

m  «  rv  —  O  4  03 

n  n  n  Hnmf*i 

8-  «  to  ©  .£  to 

m  n  ©  g  o  « 

ma  g  ©  to  g»  4 

OOO  OOOO 


in  —  in  omg 

4IA  ©  TOW  O 

n#  ©  &  Sn 

SO  IN  4  TON 

«r  in  ©  to  4 


asjs  ssss 

1  4  to  m  o  1/  —  o 
J  —  in©  03  to  4 
i-gu  nn  on 

InfN  in  is  ©  <0 


»  ®  in  m  1*  o  d  4  » 1/ 

o  m  in  —  0—0  ©mu 

©©o  ®  ^  n-  m  «f-p 

f>mi*  g  g  <o»  ©gn 

rg  in  in  N«eoo  «mif 

<04©  -«f»©  —  ©  r> 

000  -coo  — oc 


M  —  I 
TO  0  © 


O  ©  —  *4  ©  IN  © 

m  o  ©  n>  <d  4  nj 

5  »5  *  P  Hu  f 


in  ©  —  43  ina  oo^n 

4  IN  —  ©©^-4  ANf  HI 

m4«  Nf  ms  eon*n© 

©00  ©  ^  —1  is  — <  ^  n 

©on/n-  4>r>go 

IN  —  —  iummh  g  m iv  in 

000  ocoo  ooco 

odo  ocoo  coco 


00^0  u'mmg 
•r  g  00  Hom> 
«©i\m  ®  —  «  «n 
A40A  J  ^  nj  «n 
IN  ©  4»  m  A  N  (A  S 
—  OOO  "4  —  00 

0000  qooo 


o  «*  •-  ©  m  /*.  r 

N  H  -*  O  AN  —  - 

o  a  o  o  a  o  c 


o  ©  o  A-  <4  IN  ©  <N 

+  »  g  —  p»  m  —  4> 
©jnj4«  m  a  g  to 

in  -g  n  nj  «  g  n  in 
OOOO  OOOO 

oddo  dado 


1  Of*g  in  «q  ©  ©  iv  in  ©j  to 

•  rg  4  00  4  rJ  «o  h>  A  gJ# 

-  r*  to  <0  —  gS  <0  w  4<nHm 

'  to  ©  n-  4«S-r4  g  4  oq  m 
:njorv  m«<(*fin  ®oH® 

:  in  ^  to  —  in  -n  to  —  g  *t  to 

:ooo  o  q  o  o  coda 


d  IN  +  ON30 

0  4  in  g  <n  to  n 

N  NO  ©  TO  er»  TO 

r  n  to  in  o  m  g 

ONN  o  —  «r  © 

nnh  TO  in  — 

300  OOOO 


0  ©  o  h»q©o  —  co  cj  o  /»eo©d  r»  ®  ©  o  j  —  <0  ©  o  toto©o  ©  ca  ©  o  —  to  ©  c 

Sort  odd—  aoq-  oodJ  000—000—  000—  odd-  000- 


0000  0000  0000  ooda 


>ooo  000a  00c 


3-213 


S  o 


2  5  £  3 

£  fa  <-  o 


£•0  £ 


N  ?>  U*l  lA  - 

®»Nm  OKNM 

•a  *-  *  - o  rffrtao 


0  »A  m  NOsIfl  ffl  a  a 


ffl  O  l"  O  iqAO'N  (W  J  In.  CO 

hj  3  lA  lA  iflOSiO  •  irt  .*  u\ 

ri  b  ia  -ih  in  a  r  «  ^  s 

B  MA  N  W  S'  ® 

fA^iAO  NOC  #  N  -g  IA 

®  *  —  O'  MONO  ?  fj  *  *H 


«*n  m  "■  ®  -i 

O  N  O  <0  <4  -4  «T| 

N  N  N  <0  C  O  y 

rg  «T  in  o  a  o  6 

O  (A  O  ®  F-  ifl 

O'  N  in  (A  C  CD  o 

o  o  o  ^  -  o  © 


eo  co  -<  •  *r  - 

m  m  o>  .oo 

r*  o  in  .  o  g 

o  Mo  -or* 
-o  0-  «  -  n  g 


Jc'Hm  .  *0  - 

Rn  oJn  -g  o 


S:£S  l£S 

•ffl  I*  N  I  O  ffl 

ooo  ■  o  c 


o*  »  o  *  o*  o  * 

9<«o  o'  a  »  m 

—  S  Kt  o  a  o  in 

>*■  w  —  ffl»  rn  «  o 

*  -4  N  A-  O  N  N 

H  JjN 

N  -4  -*  N  N  -g  -I 


tMVMI*  OfAOh, 

h-  O  <d  O  ;  N  O  O  H 

in  m  g  o  a-  o  m  * 

la  h  in  -O  A4 

o®iHn  -i  «  o 

N4«jH  N  -H  m*  -4 

“°'°'c] 
S  oJrA  N  -r  CO  rr( 

a  (f\  m  o  co  o  m  <n 
m  n  <  *  o  a  <*i « 
mingco  i  *  n  <o  « 

ninNDi  ,  co  o  m  a 

«4»jO  ■ 4  — »  —  -4 

ooqo  :  o  a ©  q 


J  lA  Ni>  O® 

Mno  N  O  in  O  n  N  #  C 

non  in  -  o  tno»-a 

NOO>  n»  —  0»  A“  -j  A  in 

®  N  -4  O  l\  h.  41  NM'H 

n  q  co  «o  **  o  fi  jiiaf  » 

NN-4  NAN-4  NNA  4 

oao  o  r  o J  qooo 

t  *m  «r  ocmcl  ^eno^ 


oi  la  n>  ffl  nogg 

Sin  m  o  m  ib  oi 

■i  A  N  O  •#  m  n 

qaoo  oaao 

«  •  «  •  ♦  «  i  « 


A  •  V  HflNnl 

t  O  M  O  f»1  N  O 

>MA  ff  O  N  -f  O 

g  o  m  m  a  h  4 

A  ®  "*  g  A  O  ffl 

g  «-i  -g  in  n  n  -g 

>  o  o  o  o  o  o 


a  u<  a  m  e*  o  c 

o  i/  tt\  v\  ffl  m  c 

«o  o  o»  — i  o  »  u 

m  a  «n  o  nmc 
m  c  ®  <e  ffl  h  c 

NA44  N  N - 


oom*'  Nmco 

M  C  LA  If  rj®«6 

0«m<  £  «  W  N 

UN  -  -g  i*  «  to  r  n 


t  ro  co  in  n  n 

:?33  S: 

:  N  m  N  ♦  g 
i  n  m  n  n  • 


ion'#'  or 

'  fflfflN  'fflll 
:  N  N  O  C*  « 

;  <r  N  a>  co  c 

•  m  im  r  ,  a  - 

'  N  N  -g  j  n 

:  o  o  o  o  c 


r>  «  o>  o  J  »  o»  o  n  oj  o  r-coojo  r»  c^  o 
ooo-i  ooo«g  ooo-<  o  o  cl  ooc 


oooo  oooo  oooo 


o o o o  oood  oooo  Iqooo  oooo 


3-214 


Walla 


Column 


fdc= 

2500  psi 

q  =  237  psi 

q  B 

(column) 

=  19. 8  psi 

f,dc= 

3750  psi 

q  =  356  psi 

S-£ - 

(column) 

=  29. 7  psi 

£,dc= 

5000  psi 

q  =  474  psi 

h1 - 

(column) 

=  39. 5  psi 

Equation  3.35.  6,  specifically  stated  in  terms  of  one-way  slab 
parameters,  is  expressed  as  Equation  3.35.  12.  This  latter  equation,  when 
solved  repetitively  over  a  wide  range  of  loadings,  span  and  material  consid¬ 
erations,  yields  the  following  general  cost  guide  lines. 

(a)  For  relatively  low  equivalent  loads  (0  <q  <80  psi)  use 
f1^  =  2500  psi  for  maximum  economy. 

(b)  For  medium  to  high  equivalent  loads  (80  <q '<250  pBi)  use 
f'^  =  3750  psi  for  maximum  economy, 

(c)  The  total  percentage  «!t  of  vertical  steel  in  the  column  should 
lie  between  0.  6  and  1. 2  percent.  The  larger  percentage  is 
associated  with  the  higher  overpressure  and  longer  spans. 

(d)  Applying  the  cost  factors  of  Chapter  2,  the  use  of  the  higher 
strength  reinforcing  rod  (ASTM  431  or  ASTM  432)  will  gen¬ 
erally  give  the  most  economical  design.  It  is  frequently 
advisable  to  investigate  both  fdy  =  60,  000  psi  and  fdy  =  75,  000 
psi. 

The  most  economical  design  of  walls  supporting  one-way  reinforced 
slabs  will  involve  a  series  of  trial  designs,  First,  guidelines  (a)  and  (b) 
suggest  an  optimum  value  for  the  concrete  strength.  Next,  guidelines  (c) 
and  (d)  can  be  usedito  bracket  values  of  within  a  narrow  range.  Use  of 
Table  3-41  will  facilitate  the  rapid  and  economical  design  of  bearing  walls 
supporting  one-way  slabs.  The  same  general  guidelines  will  apply  to  the 
design  of  walls  supporting  two-slabs.  However,  bending  criteria  due  to 
lateral  loads  may  govern  the  design  of  walls  perpendicular  to  the  long  span 
direction  of  the  slab. 

The  total  cost  of  a  square  foot  of  a  hearing  wall  or  lineal  foot  of 
a  column  can  be  expressed  in  generalized  form  as 
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(3.  35.  32) 


Cf  =  c  +  C  +  C  .  +  C/. 
t  c  s  st  1 

The  unit  cost  of  the  concrete,  Cc  ,  is  as  follows: 


All  Walls 


A  LI  Columns 


(3.  35.  33a) 

(3.  35.  33b) 


The  unit  cost  of  the  reinforcing  steel  Is 


Axially-Loaded 

WalLs 

c.  -  fe]  [m]  \ 

{ 3.  35.  34a) 

Axially-Loaded 

Columns 

c.  =  [th]  [4]  \ 

(3.  35.  34b) 

Eccentrically -Loaded 

Walls 

c.  ■  fe]  Dm]  x. 

(3.  35.  34c) 

Eccentrically -Loaded 

Columns 

■  [m]  [4]  x. 

(3.  35.  34d) 

The  unit  cost  of  temperature  reinforcement  is 

All  Walls 

c..  ■  MfeK 

(3.  35.  35a) 

All  Columns 

c„  =  [m][4]x. 

(3,  35.  35b) 

The  unit  cost  of  formwork  is 

All  Walls 

c{  =  xf 

(3.  35.  36a) 

All  Columns 

~b  +  Dl  y 

-  L  6  J  f 

(3.  35.  36b) 
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3.  36  Flat  Slabs 


Flat  slab  construction  is  readily  applicable  to  buried  shelter 
construction.  Flat  slab  roof  and  floor  systems  act  monolithically  with 
exterior  load-bearing  walls,  forming  a  particularly  resistant  structure,  The 
interior  columns  permit  relatively  clear  interior  spaces, without  the  height 
restrictions  which  the  cross-beams  of  a  framed  structural  system  would 
impose. 

The  ultimate  flexural  resistance  of  a  flat  slab  can  be  expressed 


qf  = 


KVk 


(3.  36.  1) 


In  this  equation, 


the  coefficient  K  is  calculated  as  follows 


(2). 


0. 0005 


r 

" 

Id 

,  D 

1  + 

L  /J 

1  - 

te)J 

1  -  B- 

L  2llJ 

(3.  36.  2) 


where 


a  diameter  of  circular  column  capital,  (ft) 


The  term  A  in  Equation  3.  36.  1  is  expressed  as 
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(3.  36.  3) 
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where 
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This  suggests  that  Equation.  3.  36.  1  can  be  written,  for  square 
two-way  flat  slabs  with  equal  top  and  bottom  steel,  in  the  form 

=  kfVc  (rf  <3-36-7> 

where  ,  a  flexural  coefficient,  is  obtained  as’follows. 
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Failure  in  a  shearing  mode  is  of  concern  in  flat  slab  design,  since 
tests  indicate  that  high  levels  bf  shearing  stress  can  occur  in  the  regions 
immediately  adjacent  to  the  column  capital  or  to  the  drop  panel,  Either  the 
capital-drop  panel  interface  or  the  drop  panel-slab  interface  may  be  critical 
for  shear,  depending  upon  the  relative  dimensions,  and  both  possibilities 
should  be  investigated. 

Two  alternative  methods  of  investigating  shearing  mode  failures 
are  presented.  The  first  method,  from  Reference  2,  describes  the  relation¬ 
ships  which  must  be  met  if  qf  and  qy  are  to  be  equal.  For  this  condition, 
the  shearing  mode  resistance  at  the  capital-drop  panel  interface  is  given  by 


dpD 

- 

r  C 

o 

76. 3  +  0.  01  035  f 

Lt  Lc  -  0.  785  D 

c 

L  E  s  cj 

L_ 

or,  for  =  Lg  , 


d_D 
P  c 


-  O'.  785 


76.  3  +  0. 01035  f 1 


(3.  36.  9a) 


(3.  36.  9b) 
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A  similar  expression  can  be  written  for  the  shearing  mode 
resistance  at  the  drop  panel-slab  interface. 
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or,  for  =  Lg  , 
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97.  2  +  0.0132  f 


(3.  36.  10a) 


(3.  36.  10b) 


An  alternative  method  follows  the  method  used  in  deriving  the  shear 
compression,  diagonal  tension  resistance  function  for  one  and  two-way  slabs. 
The  assumption  is  made  that  the  diagonal  tension  coefficients  for  a  flat  slab 
can  be  obtained  from  those  derived  for  one-way  reinforced  slabs  with  similar 
edge-support  conditions.  However,  certain  approximations  are  introduced 
in  establishing  this  relationship.  First,  as  was  assumed  in  the  study  of  two- 
way  slabs,  an  expression  relating  the  diagonal  tension  resistance  of  a  two- 
way  flat  slab  to  that  of  a  one-way  slab  will  include  a  1.  33  multiplying  factor, 
in  recognition  of  two-way  slab  action'  ' ,  Next,  the  diagonal  tension  coefficient 
for  the  one-way  slab  is  adjusted  for  flat  slabs  according  to  the  ratio  of  the 
perimeter  of  the  capital,  or  of  the  circums cr.bed  circle  about  a  drop  panel, 
to  the  center-to-center  distance  between  the  columns  supporting  the  slab. 
Finally,  consideration  is  given  to  the  ratio  of  the  groBs  slab  area,  measured 
between  column  center  lines,  to  the  same  slab  area  minus  the  area  of  capital 
or  drop  panel. 

Applying  these  approximations,  the  applicable  value  for  the  diagonal 
tension  coefficient  when  a  shear  failure  at  the  capital  -drop  panel  interface  is 
considered,  can  be  expressed  as  follows  for  a  square  flat  slab  with  two-way 
reinforcement. 


3-2.20 


(1.  765x  1.  33) 


or 


sc 


(3.  36.  11) 


Considering  the  Bame  slab,  but  examining  shearing  mode  resistance 
at  the  drop  panel-slab  interface, 


or 


sc 


(1.765x1.  33) 


(3.  36.  12) 


Values  of  kgc,  as  obtained  from  Equations  3,  36.  11  and  3.  36.  12 
can  be  substituted  into  the  generalized  equation  for  diagonal  tension  resistance 
of  any  slab.  This  includes  a  term  for  web  reinforcing  steel,  if  required. 
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(3.  34.  34) 


The  value  of  d^  is  substituted  for  d  in  Equation  3.  34.  34  for  the 
diagonal  tension  resistance  of  the  drop  panel-column  interface.  Equations 
3.  35.  6  and  3.  34.  34  can  be  solved  simultaneously,  obtaining  the  same  result 
as  was  found  in  Section  3.  34.  4  for  the  general  slab. 
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kf  V  1 

*v  =  50,  000  (2  +  0')  jp-  V  7T  "  — 
s  c  N  c  dy 


(3,  34.41) 


Many  design  alternatives  are  possible  by  varying  the  ratios  of 
short-span  to  long-span  or  the  dimensions  for  the  drop  panel  and  capital. 

For  simplicity,  it  is  assumed  that  capital  dimensions  are  limited  to  either 
0.  2  or  0.  3  of  the  center-to-center  span  between  columns^^  and  that  span 
lengths  in  both  directions  are  equal,  Lg/L^  =  oc  =  1.0. 

Table  3-57  supplies  calculated  values  of  k^  and  kflc  for  selected 
combinations  of  d^/d,  Dc  and  Fp  in  square  two-way  flat  slabs.  The 
calculations  for  assume  that  ^c(slab)  and  ^(drop  panel)  are  equal,  thus 
permitting  direct  sofutions  of  Equation  3,  36.  8. 

The  drop  panel,  capital  and  column  structural  system  also  may  be 
used  as  interior  supports  for  one-way  slabs  if  two-way  reinforcement  is 
provided  in  the  drop  panel  and  in  the  slab  running  between  columns  in  a  band 
equal  to  the  width  of  the  drop  panel. 


Table  3-57 

FLEXURE  AND  DIAGONAL  TENSION  COEFFICIENTS 


FOR  SQUARE 

FLAT  SLABS 

. ..G.4iL.e  Considered 

kf 

ksc 

Pp  =  0.  3  L 

0.00162 

3,  421 

1 .  25  d 

Pp  =  0,.4^ 

0. 00165 

5.  050 

0.  20  L 

Pp  =  °’5L 

0.00170 

7.175 

Pp  =  °’3L 

0. 00178 

3,  421 

1  .  50  d 

Pp  =  0.4L 

0,00187 

5.  050 

0.  20  L 

P  =  0.  5L 

P 

0. 00196 

7,.  175 

The  value  of  ( Equation  3.36.11)  equal  s  1.513  for  D  _  equal  to  0  ■  20  L  . 

This  latter  design  method,  while  entirely  compatible  with  those 
proposed  for  one  and  two-way  slabs  (Sections  3.  33  and  3.  34),  involves  the 
use  and  extrapolation  of  empirical  data  which  were  derived  for  a  wholly 
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different  structural  arrangement.  Until  verified  by  tests  and  more  rigorous 
analysis,  the  method  should  be  treated  with  extreme  caution. 

The  form  of  the  cost  equations  for  the  flat  slab  is  identical  with 
that  used  for  the  two-way  slab.  All  that  is  required  is  the  proper  substitution 
of  coefficients  from  Table  3-57,  The  slab  limits,  for  costing  purposes,  are 
lines  drawn  between  column  centers,  To  this  is  added  the  incremental  cost 
of  the  drop  panel  or  capital.  Neglecting  the  incremental  cost  of  forming  the 
drop,  the  composite  cost  factor  per  square  foot  of  drop  panel  can  be  expressed 
as, 


where 


In  \ 

u 

d  \ 

v(dH  c=+ 

p  , 

ld  j 

Cs  + 

ld  ■1) 

Dp  =  total  depth  of  drop  panel,  (in. ) 


The  other  notations  are  the  same  as  used  for  one  and  two-way  slabs  in 
Sections  3.  33  and  3.  34.  For  use  with  one-way  slabs.  Equation  3.  36.  9  must 
be  modified  to  reflect  two-way  reinforcement  costs  in  the  drop  panel  and  the 
slab  band  between  columns. 

The  capital  for  a  flat  slab  system  will  normally  be  a  minor  cost 
item  in  comparison  with  the  other  components.  For  estimating  costs,  the 
capital  is  assumed  to  consist  of  a  45°  frustum  of  concrete,  extending  outward 
from  the  column.  The  central  core  of  the  capital,  whose  diameter  is  assumed 
to  be  0.  1  L^is  treated  as  an  extension  of  the  column.  One  percent  of  the 
capital  volume,  excluding  the  core,  is  assumed  to  consist  of  steel  reinforce¬ 
ment. 

For  capitals  : 


when 


D  =  0.  2  L 
c 
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then 


CT  =  0. 0005Z(Xc  + 0.  01  Xg)  L3  +  0.  0332Xf  L2 

when. 


D  =  0.  3L 
c 


then 


CT  s  0.00262(Xc  +  0.01Xg)  L3  +  0.0887XfL2 


where 


CT  =  total  cost  of  the  capital,  ($) 


(3.  36.  14a) 


(3.  36.  14b) 


3-224 


3.  37  Si agle -Curvature  Compression  Members 

Single-curvature  reinforced  concrete  shells  can  be  used  in  the 
barrel  arch,  rib  arch  and  cylinder  configuration.  The  assumptions  of  a 
uniform  radial  loading  and  of  adequate  lateral  restraint  to  preclude  buckling, 
introduced  when  formulating  design  equations  for  steel  shells,  are  applied 
with  somewhat  less  assurance  to  the  analysis  of  reinforced  concrete  shells. 
Sufficient  shell  flexibility  must  be  mobilized,  for  both  materials,  to  develop 
the  assumed  radial  pattern  of  loading.  Lacking  adequate  quantitative  data,  to 
predict  how  the  two  materials  may  differ  in  their  response  to  blast  loading, 
however,  the  simple  compression  mode  is  assumed  to  be  equally  valid  as 
a  failure  criterion  for  steel  shells  and  for  reinforced  concrete  Bhells. 

The  design  equation  for  a  single -curvature  compression  member 
is  similar  to  that  expressed  in  Section  3.  32  for  an  axially-loaded  reinforced 
concrete  column.  Typical  single -cur  vatu  re  compressive  members  will  have 
section  dimensions  D.  inches  x  b  inches  and  a  span  length  feet.  For  such 
members,  when  spaced  a  distance  of  B  feet  apart  and  loaded  to  their  ultimate 
in  the  compressive  mode,  the  ultimate  resistance  can  be  expressed  as, 


qc  x  12B  x  12 


0’85fdcDb+T^Dbfdy 


This  expression  reduces  to 


(3.  3 7. ..la) 


q  BS 

TDf'.  =  °-0118  +  °-0139tldt 
dc 


(3.  37.  lb) 


For  a  shell,  where  B  =  b/12  ,  the  expression  for  ultimate  compressive 
resistance  per  lineal  inch  can  be  written  as, 


q  S 
D 


L 


0.  112f'dc  +  0.  0016£>7s!tfdy 


(  3.  37.  lc) 
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A  constant  total  percentage  of  reinforcing  steel,  ^  =  0.  50,  is 
proposed  for  singly-curved  shells.  Temperature  steel  will  be  provided  at 
right-angles  to  this  main  reinforcement.  Table  3-58  supplies  compressive 
resistance  functions  qc  (S^/D)  for  various  combinations  of  reinforcing  steel, 
dynamic  yield  stresses  and  ultimate  dynamic  concrete  compressive 
stresses  f'^  .  The  calculated  values  include  the  assumption  that  will 
have  a  constant  value  of  0.50. 


Table  3-58 

RESISTANCE  FUNCTIONS  FOR  SINGLY -CURVED 
REINFORCED  CONCRETE  SHELLS 


ft 

1  H  n 

Resistance  Function  - 

D  (*1  = 

0.  50) 

_psl_ 

fdy 

fdy 

•  fdy  = 

fdy  = 

44,  000 

52,  000 

60,  000 

75,  000 

psi 

P?i 

psi 

psi. 

2500 

392  . 

398 

405 

418 

3750 

569 

576 

583 

595 

5000 

747 

753 

760 

773 

6250 

924 

931 

938 

950 

7500 

1102  ' 

1108 

1115 

1128 

The  optimum  relationship  between  the  cost  of  a  concrete  and  its 
compressive  strength  becomes  immediately  apparent  when  design  alternatives 
for  singly-curved  shells  are  studied.  As  an  illustration,  if  shell  resistance 
is  governed  solely  by  its  compressive  strength,  7500  psi  is  obviously  the 
optimum  choice  from  among  concrete  strengths  in  the  range  from  2500  - 
7500  psi.  The  high  strength  concrete,  although  it  costs  approximately 
30  percent  more  than  the  low  strength  concrete,  has  three  times  its  com¬ 
pressive  strength.  A  similar  relationship  holds  true  when  shells  of  plate 
steel  and  of  concrete  are  compared.  For  optimum  choices  of  concrete  and 
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steel  shells,  a  steel  which  is  approximately  13  times  stronger  in  compression 
than  a  given  concrete, will  cost  approximately  75  times  as  much.  Thus, 
within  the  restriction  imposed  by  minimum  dimensional  limitations,  it  is 
concluded  that  optimum  shell  costs  will  result  when  minimum  amounts  of 
the  lowest-cost  steel  are  used  with  maximum  concrete  strengths. 

The  cost  of  single -curvature  compression  members  of  reinforced 
concrete  can  be  expressed  as 


Ct  =  Cc  +  Cs  +  Cst  +  Cf 


{3.  37.  2) 


where 

Ct  =  factor  for  composite  cost,  $/sq  ft  for  Bhell  and  $/ft 
'  for  rib 

=;  cost  factor  for  concrete,  $/sq  ft  of  shell  surface  and 
$  /ft  for  !ribs 

Cg  =  cost  factor  of  reinforcing  steel,  $/sq  ft  for  shell  and 
$  /ft  for  rib 

Cgt  =  cost  factor  for  temperature  steel,  $/sq  ft  for  shell 

Cj  =  cost  factor  for  form  work,  $/sqft  for  shell  and  $ /ft 

for  rib 


and 


Ribs 


Shells 


(3.  37.  3a) 


(3.  37.  3b) 
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Ribs 


C 


(3.  37.  4a) 


Shells 


KbDl 

"  [14,  400J 

"  L 1200  J 


X 


(3.  37.  4b) 


Shells 


st 


*teD 


1200 


[3.  37.  5) 


Ribs 


Cf  - 


b  +  D 


(3.  37.  6a) 


Shells 


Cf  .  Xf 


(3.  37.  6b) 


In  these  equations,  is  the  total  temperature  reinforcement  expressed  as 

a  percentage  of  the  total  cross -Bectional  area  of  the  compressive  member. 

All  other  terms  are  as  previously  defined, 

3.38  Double-Curvature  Compression  Members 

Double-curvature  compression  members  occur  in  domes  and  spheres. 
Extending  the  assumptions  of  radially-applied  load  and  of  constraint  of  the 
possible  buckling  modes,'  as  described  for  singly-curved  compression  members, 
the  doubly-curved  shells  acfhn  direct  compression.  Due  to  its  two-way  action, 
however,  the  ultimate  compressive  strength  of  a  section  of  a  given  thickness 
is  twice  that  available  in  a  single-curvature  shell.  However,  at  least  a  part 
of  this  advantage  is  offset  by  increased  forming  costs. 

The  design  equation  for  a  douHe -curvature  member  of  length 
and  thickness  D,  loaded  to  its  ultimate  in  the  compressive  mode,  can  be 
expressed  as , 
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(3.  38. 1) 


“Hr1  =  0.  284 f'dc+  0.003333 «5tfdy 

As  with  the  singly-curved  shell,  a  constant  percentage  of  reinforcement  steel 
=  0.  50  will  be  used  in  the  analyses.  Due  to  the  two-way  action  of  the 
doubly-curved  shell,  0,  5  percent  of  reinforcement  will  be  provided  in  two 
directions.  The  resistance  functions  listed  in  Table  3-58  can  be  doubled  for 
double-curvature  shells  of  the  same  thickness  as  the  single-curvature  shells. 

By  substituting  appropriate  values  of  Xc  and  (see  Chapter  2), 
Equation  3.  37.  3b  and  3.  37.  6b  can  be  used  to  determine  cost  factors  Cc  and 
for  doubly-curved  shells.  Temperature  steel  will  not  be  required.  The 
expression  for  Cg  ,  due  to  the  increased  minimum  reinforcement  in  the  two- 
way  shell,  now  becomes 


C  =  2 


X 


100 


s  "t  ~ 


D 

12 


(3.  38.  2) 
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3.  39  Footings 


Footings  have  several  possible  applications  in  the  design  of  buried 
shelters,  and  are  treated  as  a  separate  structural  element.  Continuous 
footings  can  conceivably  support  load-bearing  walla  for  all  shelter  configura¬ 
tions  considered  in  this  study,  while  isolated  footings  can  be  used  to  support 
columns  in  flat  slab  or  fully -framed  construction.  The  structural  loading  on 
all  footings,  for  the  three  basic  shelter  configurations  considered  herein,  is 
taken  to  be  axial  and  without  any  transfer  of  moment  to  the  footing.  It  is 
assumed  that  lateral  thrust  at  the  footing  level  will  be  transferred  through 
connecting  grade  beams  which  thuB  function  as  axially-loaded  columns.  When 
preparing  detailed  designs,  the  passive  earth  resistance  associated  with  any 
lateral  footing  displacement  should  also  be  evaluated. 

The  footing  is  thus  designed  for  a  concentric  axial  load  and,  for  a 
specified  dynamic  soil-bearing  capacity,  its  minimum  plan  dimensions  are 
immediately  known.  The  required  footing  depth  may  be  controlled  either  by 
flexural  stresses,  considering  the  footing  projection  as  a  loaded  cantilever, 
or  by  shearing  stresses  in  the  footing  adjacent  to  the  wall  or  column.  The 
analytical  procedure  for  footing  design  is  similar  to  that  described  for 
reinforced  concrete  slabs,  and  involves  checking  critical  load  conditions  for 
each  anticipated  mode  of  failure.  It  is  postulated  that  footing  slabs  will  be  of 
uniform  depth,  as  opposed  to  stepped  or  sloped  footings,  and  that  shear 
reinforcement  will  not  be  provided. 

Although  the  behavior  of  dynamically-loaded  footings  has  received 
(42  43) 

recent  attention'  ’  ,  there  still  remains  a  considerable  degree  of 

uncertainty  when  dynamic  bearing  values  must  be  predicted  for  a  particular 

(2) 

soil.  It  has  been  suggested'  '  that  a  safe  bearing  value  can  be  taken  as  the 
sum  of  the  surface  overpressure  plus  twice  the  "normal"  static  bearing 
value.  Obviously,  the  design  objective  is  the  avoidance  of  a  general  shear 
failure  in  the  soil  beneath  the  loaded  footing,  while  still  permitting  shearing 
displacements  of  magnitudes  which  would  be  considered  unacceptable  by 
conventional  standards.  The  time -response  characteristics  of  the  soil-footing 
system  are  also  of  interest,  since  the  duration  of  blast  loading  is  relatively 
short. 
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For  application  in  this  study,  dynamic  bearing  capacities  are 
computed  for  selected  soils  with  representative  values  of  i  and  c  .  Here 
&  -  effective  angle  of  internal  sliding  resistance  for  the  soil,  while  c  = 
effective  cohesion  in  pounds  per  square  foot  of  sliding  surface.  These  bearing 
capacities,  which  are  shown  in  Table  3-59,  are  computed  from  a  theoretical 
solution^"**  which  assumes  a  logarithmic  spiral  failure  surface. 

( 1)  Wall  Footings 

The  wall  footing  receives  an  axial  dynamic  load  from  the  bearing 
wall  and  distributes  this  load  over  an  area  of  soil.  The  wall  load,  represented 
in  the  analysis  as  an  equivalent  static  load  P  expressed  in  pounds  per  lineal 
foot  of  wall,  will  be  applied  to  the  footing  over  the  width  D  inches  of  the 
bearing  wall.  Assuming  that  the  wall  has  been  designed  to  develop  its  ultimate 
resisting  capacity,  the  footing  load  P  will  be  equal  to  if  the  reinforced- 

concrete  bearing  wall  is  axially-loaded  (Section  3.  32)  or  will  equal  for 

an  eccentrically-loaded  reinforced  concrete  wall  (Section  3.  35),  The  footing 
width,  L  feet,  can  be  determined  as  the  quotient  of  the  equivalent  load  P  in 
pounds  per  lineal  foot  of  wall  divided  by  the  permissible  dynamic  bearing 
capacity  of  the  soil  (psf)  .  Main  reinforcing  steel,  <h c  ,  is  located  in  the  lower 
part  of  the  footing  and  placed  perpendicular  to  the  plane  of  the  bearing  wall. 
Minimum  compressive  reinforcement,  O'  =  0.  25  ,  is  placed  in  the  top  of  the 
footing  to  provide  for  possible  rebound  stresses.  Finally,  temperature 
reinforcement  is  placed  along  the  length  of  the  footing,  parallel  to  the  bearing 
wall. 

The  maximum  flexural  stresses  will  occur  at  the  face  of  the  bearing 
wall  where  plastic  yielding,  due  to  cantilever  bending,  can  develop.  The 
ability  of  the  wall  footing  to  resist  diagonal,  tension  stresses  is  analyzed  by 
assuming  the  footing  to  act  as  a  wide  beam*1^,  cantilevered  outward  from  the 
hearing  wall.  Finally,  its  resistance  to  "pure"  shear  is  checked  at  a  pseudo - 
critical  section^^at  a  distance  of  D/2  from  the  face  of  the  bearing  wall. 
Design  equations^’  fo.r  the  continuous  footing  are  as  follows: 
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Table  3-59 

ULTIMATE  DYNAMIC  BEARING  CAPACITY,  kips /ft 
FOR  CONTINUOUS  FOOTINGS  OF  WIDTH  L,  ft 

(Logarithmic  Spiral  Solution) 


q(pai) 
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Flexural  Mode 


or 


where 


d 

D 

h 

P 


P. 

L 


0. 072 i  f, 
c  dy 


d 


L 


footing 

wall 


12 


2 


(3.  39.  la) 


p 

0.09653\ 

1 2  L  -  D  .. 

wall 

L 

V  / 

^footing 

(3.  39.  lb) 


=  percentage,  referenced  to  net  area  of  section,  of  tension 
reinforcing  steel  at  the  face  of  the  bearing  wall 

=  the  effective  depth  of  footing,  (in.  ) 

=  the  width  of  bearing  wall,  (in.) 

=  total  width  of  continuous  footing,  (ft) 

=  total  axial  load  per  lineal  foot  of  continuous  footing,  (lb) 


Diagonal  Tension  Mode 


_P 

L. 


100 


footing 


D 


L  - 


wall 


12 


Shear  Mode 


D  “  d,  ~ 

wall  footing 

'  ~T2  12 


(3.  39-  2) 


(3,  39.  3a) 
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or 


1 

^footing 

(>*-  vO 

E 

“5%  re, , 

L 

(3.  39.  3b) 


Equations  3.  39.  1  and  3.  39.  2  can  be  solved  simultaneously  for 
balanced  strengths  in  flexure  and  in  diagonal  tension,  following  the  procedure 
described  in  the  analyses  of  one-way  and  two-way  slabs. 

l,930,000f' 

^c  =  2 - ~  when  9f  =  qac  (3.39.4) 

1  dy 

However,  the  design  of  a  wall  footing  will  normally  be  governed  by 
flexural  and  "pure"  shear  stresses.  It  is  thus  more  advantageous  to  solve 
Equation  3.  39.  1  and  3.  39.  3  simultaneously,  obtaining 


& 

c 


1  334 
footing 


f' 


dy 


D 


wall 

12 


(i 


footing 


2  L  -  D 


wall 


when  q^.  =  qv  (3.  39.  5) 


The  design  of  a  continuous  wall  footing  will  involve  the  following 

steps : 

a)  Select  the  required  footing  width  L  based  upon  known  load  P 
pounds  per  lineal  foot  and  the  specified  bearing  capacity  for 
the  soil. 

b)  For  a  selected  value  of  f '  ,  Equation  3.  39.  3  is  then  solved  to 
obtain  the  required  effective  depth  of  footing  d,  as  controlled 


3-2  34 


by  "pure"  shearing  stresses.  Table  3-60  supplies  values  of 


d/Li  for  selected  ranges  of  P/L,  D 


,,/L  and  f'  . 
wall  c 


c) 


d) 


The  effective  depth  of  footing  d  ,  as  controlled  by  shear, 
Equation  3.  39.  3  or  Table  3-60,  iB  then  substituted  into 
Equation  3.39.1.  ThiB  identifies  the  percentage  of  tensile 
reinforcement,  which  for  the  effective  footing  depth,  d, 

and  a  selected  steel  dynamic  yield-stress,  f^  ,  ensures  that 
the  footing  will  have  the  required  flexural  resistance.  By 
computing  — jj]  i  Table  3-61  can  be  used  to  obtain  (<c 

values  for  specified  levels  of  P/L^  and  . 

The  use  of  an  effective  depth  of  footing  d,  as  obtained  from 
Equation  3.  39.  3  or  Table  3-60,  with  a  percentage  of  tensile 
reinforcement,  ,  as  obtained  from  Equation  3.  39.5  or 
Table  3-61,  will  result  in  a  footing  with  theoretically  equal 
ultimate  resistances  in  flexure  and  in  "pure"  shear.  As  a 
final  step,  the  resistance  of  the  footing  in  diagonal  tension 
must  be  checked  to  ensure  that  this  latter  mode  does  not 
control.  If  the  value  of  dc  which  is  required  by  flexural 
stresses,  Equation  3.  39.  5,  does  not  exceed  values  of 
calculated  by  Equation  3.  39.  4,  diagonal  tension  will  not  be 
critical.  Otherwise,  the  critical  failure  modes  are  identified 
as  "pure"  shear  and  diagonal  tension  rather  than  flexure  and 
diagonal  tension.  For  this  case,  which  will  rarely  occur,  a 
solution  must  be  obtained  from  Equation  3.  39.  2  and  3.  39-  3. 


(2)  Square  Column  Footings 

Equations  are  developed  only  for  those  two-way  reinforced  axially- 
loaded  footings  which  are  square  in  plan.  However,  if  subsequently  desired, 
the  same  equations  could  readily  be  extended  to  rectangular  column  footings. 
The  dynamic  load  transferred  to  the  footing  is  represented  in  the  analysis  by 
an  equivalent  static  load,  P.  This  column  load,  which  is  assumed  to  be 
axial,  may-  be  applied  cither  directly  to  the  footing  or  through  a  base  plate. 
For  both  cases,  the  analysis  will  assume  that  the  load  in  the  footing  is  applied 
uniformly  over  a  square  area  with  plan  dimensions  of  D  inches.  For  a  column 
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which  is  loaded  to  its  maximum  capacity,  as  described  in  earlier  sections  of 
this  report,  the  column  load  P  is  equal  to  or  ^do  ^or  ax*a^y*^oaded 


columns  of  structural  steel  or  reinforced  concrete,  respectively.  If  these 
same  columns 
will  replace  P 


same  columns  are  eccentrically  loaded,  then-  F'^  will  replace  and 


do 

Knowing  the  equivalent  load  P  and  the  specified  dynamic  soil  bearing 
capacity,  the  required  plan  dimension  L  for  the  square  footing  can  immediately 
be  computed.  As  was  normally  the  case  with  the  continuous  footii^,  the 
required  depth  for  a  square  footing  will  be  controlled  by  flexural  stresses  or 
by  shearing  stresses.  The  maximum  flexural  stresses  occur  at  the  face  of 
the  column  or  column  base  plate  where  plastic  yielding,  due  to  cantilever 
bending,  can  develop.  Shearing  stresses  are  examined  at  a  pseudo-critical 
section^®'  which  is  a  distance  of  ■  -y  from.,  the  face  of  the  column  or  base 
plate.  No  separate  analysis  is  made  of  diagonal  tension  resistance,  since 
this  mode  ie  not  considered  to  be  critical  in  a  square  column  footing.  Equal 
percentages,  dc  ,  of  bottom  reinforcement  are  provided  in  each  direction, 
while  minimum  percentages  of  compressive  reinforcement,  O'  =  0.25,  are 
placed  in  the  upper  part  of  the  footing.  No  additional  reinforcement  is 
considered  necessary  for  temperature  stresses,  since  the  footing  ie  two-way 
reinforced.  Design  equations  are  as  follows: 

Flexural  Mode 


or 


0.072  d  f , 
c  ay 


d 


L 


2 


footing 


"B  “ 
..w&U, 
12 


(3.  39.  6a) 


= 

c 


09653 


\  ^dy 


12L  -  D 


wall 


footing 


(3.  39.  6b) 


I 
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Equations  3.  39.  6a  and  i.  39.  6b  are  seen  to  be  identical  with 

Equations  3.  39.  la  and  3.  39,  lb  for  the  continuous  footing.  The  quotient  of 

■  P 

load  per  lineal  foot  and  footing  width~i  for  the  continuous  footing  is 

E  Z 

numerically  equal  to  the  quotient  of  total  load  and  footing  dimension,  P/L  , 

for  a  square  footing.  Thus,  Table  3-61  can  also  be  used  to  determine  <t> 

for  square  footings. 

Shear  Mode 


(3.39.7) 

where 


footing  „  e  k  +  2 

« 0>  5  lk~ 


wall 


N 


1  4 

*+  1 

1 44  L?  j\  , 

k  +  2 

k  +  2 

D2 

' 

\  / 

wall  / 

k  = 


The  design  of  a  square  two-way  reinforced  concrete  footing  involves 
the  following  steps: 

a)  Select  the  footing  dimension  E,  based  upon  known  total  load 
P  and  specified  bearing  capacity  of  the  soil. 

b)  After  specifying  f'  ,  Equation  3.  39.  7  is  solved  to  obtain  the 
required  effective  depth  of  footing, d,  as  controlled  by  shearing 
stresses.  Table '3-62  supplies  values  of  6/P  for  selected 
ranges  of  P/L^  ,  f  and  D^^/L  ,  For  this  usage,  Owall 

is  the  width  of  column  or  base  plate. 

c)  After  selecting  the  effective  depth  of  footing  d,  Equation  3.39.6 

or  Table  3-62  is  used  to  determine  the  required  percentage  of 

tensile  reinforcement,  d  ,  in  one  direction  of  the  footing. 

c 
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Practical  applications  of  continuous  or  isolated  footings  in  buried- 
shelter  design  are  limited  by  physical  conditions.  The  equivalent  load  P, 
which  the  footing  is  designed  to  support,  is  related  to  the  design  level  of 
overpressure  and  to  the  structural  layout  of  the  shelter.  Thus,  for  a  specified 
bearing  capacity  of  soil  and  a  particular  structural  system,  the  feasible  use 
of  footings  is  restricted  to  a  finite  range  of  span  lengths  and  loading  pressures, 
Figure  3-5.  In  actual  practice,  after  comparative  costs  have  been  analyzed, 
the  range  of  usefulness  for  footings  may  be  still  further  limited.  The  design 
alternatives  to  a  footing  foundation  include  the  use  of  a  raft  foundation  or,  in 
the  case  of  arch  and  dome  configurations,  the  substitution  of  the  "full-round" 
configurations  of  cylinder  and  sphere.  It  will  be  desirable  to  analyze  each 
possible  solution  separately  for  a  proposed  shelter,  since  the  parameters  of 
soil  strength  will  vary  with  the  shelter  location.  However,  by  assuming  a 
soil  of  constant  strength  properties  in  these  analyses,  general  conclusions 
are  reached  as  to  the  relative  suitabilities  of  footings,  continuous  raft  founda¬ 
tions,  and  "full-round"  construction.  These  relationships  will  be  .discussed 
as  part  of  the  cost  studies  supplied  in  Chapter  4. 

The  cost  of  footings  is  based  on  the  value  of  d  and  (6e  as  determined 
from  Tables  3-60  to  3-62,  inclusive.  The  values  of  F/L  or  P/L^,  and 
D/L  are  normally  fixed  by  allowable  bearing  pressure  and  by  wall  or  column 
thickness.  The  use  of  high  strength  concrete  and  steel  { f =  6000  pei  and 
f^  =  75,  000  pei)  will  normally  lead  to  the  most  economical  footing  design 
except  in  the  cases  where  minimum  dimension  requirements  govern.  The 
use  of  these  values  make  possible  the  rapid  designs  of  an  economical  footing. 

The  unit  cost  of  footings  can  be  expressed  in  the  general  form, 

Ct  =  Cc+Cs  +  Cst+Cf  t3’39'8* 

whe  re 

Column  or  Td  1 

Wall  Footing  ~  |_1  2 J 
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Total  Length  of 


Wall  Footings 


Column  Footings 


Wall  Footings 


8 1 


D  ^te  v 
12  100  s 


Column  or 

Wall  Footing  Cf  =  Xf 


The  total  cost  of  a  footing,  C™,  may  be  found  by  multiplying  the 
unit  cost  Gj.  by  the  area(sq  ft)  covered  by  the  footing. 
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3.  4  Structural  Timber 


3.41  Introduction 

Structural  timber  has  several  possible  applications  in  buried 
shelter  construction,  both  in  an  all-timber  design  or  in  composite  use  with 
other  structural  materials.  The  subsequent  analyses  will  examine  the  be¬ 
havior  of  commercially -available  sizes  of  timber  posts,  beams  and  planks. 
The  strength  properties  of  structural  timber  depends  not  only  upon  the 
material  itself,  but  also  upon  its  environmental  conditions  of  uae^^l 
While  representative  strength  values  are  selected  for  the  analytical  studies 
in  Chapters  3  and  4,  these  are  not  directly  applicable  to  all  design  situations. 
It  Is  anticipated  that  the  proposed  strength  values  -will  be  reviewed  prior  to 
the  preparation  of  actual  timber  designs  and,,  if  deemed  neceBsary,  adjusted 
to  reflect  the  anticipated  service  conditions. 

The  analyses  of  structural  timber  elements  are  based  upon  elastic 
behavior  and  yield  point  stresses  for  commercial  species,  since  there  is  no 
valid  basis  for  assuming  that  plastic  yielding  and  internal  stress  distribution 
■will  occur  in  timber  members.  However,  the  static  yield  stresses  are 
modified  in  recognition  of  the  behavior  of  timber  under  short- duration 
loading.  By  removing  the  customary  provision  for  a  factor  of  safety,  and 
by  accepting  some  increased  variability  in  rated  stresses,  a  factor  of  4.  0 
is  derived  (see  Chapter  2)  which  may  be  used  to  convert  conventional  work¬ 
ing  stresses  to  projected  dynamic  yield  stresses  under  equivalent  static 
loading.  Structural  members  of  a  specified  nominal  size  are  identified  by 
their  commercial  species, and  by  their  stress  grading,  hence  the  design 
equations  are  expressed  ip  these  terms.  Controlling  modes  of  failure, 
depending  on  the  specific  use  of  a  member,  may  be  either  flexure,  horizontal 
or  vertical  shear,  compression  parallel  to  the  grain,  or  compression  per¬ 
pendicular  to  the  grain.  With  the  proper  selection  of  stresses  and  controlling 
failure  modes,  the  design  equations  are  applicable  both  to  stress-grade 
lumber  and  to  structural  glued-laminated  timber.  Table  3-  63  lists  the 
geometric  properties  for  standard  sizes  of  structural  timber. 
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Table  3-63 


GEOMETRIC  PROPERTIES 
FOR  STANDARD  SIZES 
OF  STRUCTURAL,  TIMBER 


B 

Moment  of  locrtiA, 
in  IwIim' 

Section  Modulus, 

In  Inchi*) 

At-V  - 
W.»  12 

A’-!-  - 

5*4/13 

*S.v~.r  - 
6A»,0 

sr-v  - 

6‘A/O 

3. 30 

6.45 

1.30 

3.56 

1.60 

0.14 

24.10 

3.01 

8.57 

3.43 

13.10 

37.13 

3.68 

15.23 

3.30 

13.44 

110.10 

3.40 

24.44 

4.13 

IS. CO 

203.95 

4.11 

35. 8  J 

5.00 

21.94 

223 . IS 

4.83 

49.30 

6.94 

23.19 

504 .  27 

5.54 

05.07 

6.83 

28.44 

725.75 

0.25 

32.94 

7.70 

9.33 

10. 4  J 

5.40 

5.75 

4.18 

14.77 

38.03 

8.48 

13.84 

6.40 

19. CO 

92.20 

11.30 

24.61 

8.61 

24.94 

187.55 

14.33 

30.48 

10.91 

30.10 

332.00 

67.86 

13.21 

33.44 

338.31 

70.73 

13.50 

40.69 

814.00 

103.11 

17.80 

45.94 

1.173.36 

133.98 

20.10 

13.14 

14.39 

14.39 

7.94 

7.94 

20,39 

53.76 

22.33 

19.13 

12.33 

27.10 

127.44 

20.77 

33.98 

16.43 

.14.44 

259,00 

37.71 

64.53 

20.81 

41.69 

459.43 

45.05 

79.90 

35.19 

4fi  .04 

743.24 

53.50 

110.11 

29.57 

86.19 

1,124. 99 

61.53 

145.15 

33.95 

03.44 

1,018.98 

69.47 

186.03 

38.33 

30,33 

76.26 

70.28 

27.73 

27.73 

41.25 

193.30 

103.08 

61.50 

37.81 

52,25 

392.96 

131.71 

82.73 

47.00 

03.25 

697.07 

159.44 

121.23 

57.98 

74,23 

1.127.67 

187.17 

167.06 

68.06 

85.25 

1.709.78 

214.90 

320.23 

78.16 

96.25 

5.453.38 

242.63 

280.73 

83.23 

56.25 

253.67 

263.87 

70.31 

70.31 

71.25 

535.88 

333.98 

112.81 

89.00 

86.23 

950.55 

404.30 

165.31 

107.81 

101,23 

1.537.73 

474.61 

227.81 

126.86 

116.25 

2.327.43 

A44.C2 

300.31 

145.31 

131.25 

3,319.01 

615.23 

882.81 

164.06 

00.25 

078.70 

078.76 

142.90 

142.00 

100,23 

1,201.03 

821.65 

209.40 

172.08 

128.25 

1.947.80 

904.56 

288.56 

203.00 

117.25 

2,948.07 

1,107.44 

380.40 

233.15 

100.25 

4,243.81 

1,250.34 

484.90 

263.23 

133.23 

1.457.61 

1,457.51 

253.48 

2*3.48 

133  25 

2.357.88 

1.710.08 

349.31 

297.50 

178.23 

3,508.71 

1,901.40 

400.48 

34t.55 

201 . 25 

5.130.07 

3,217.04 

680.98 

886.73 

182.25 

2.767.02 

2,707.02 

410.06 

200  2  4 

4. 189.38 

3,177.98 

340,53 

470.81 

236.25 

0,029.30 

3,588.05 

689.06 

631.56 

203.25 

8,311.73 

3,998.11 

865.50 

592.31 
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3.  42  Axially- Loaded  Timber  Posts 

It  is  assumed  that  any  timber  posts  used  in  buried  shelter  con¬ 
struction  will  be  axially  loaded  and  will  have  dimensions  such  that  the  ratio 
of  unbraced  column  height  H  (ft.  )  to  its  least  lateral  dimensions  D  (inches) 
does  not  exceed  unity. 

For  such  short  columns,  the  yield-load  capacity  is  governed  by 
the  area  of  the  column  and  the  compressive  yield  strength  of  the  timber 
when  loaded  parallel  to  its  grain.  Thus,  the  maximum  column  load  capacity 
associated  with  static  loading  and  conventional  yield  point  stresses  is 

Py  "  Af'pp  for  TT  ~  (3.42.1a) 

By  recognizing  the  effective  increase  in  strength  which  will  result  from  the 
rapid  application  of  loading,  Equation  3.  42.  la  may  be  rewritten  in  terms  of 
dynamic  yield  stresses  as. 


Pdy  "  Af'dpp 


(3.  42.  lb) 


The  dynamic  yield  stresses  for  timber,  for  the  types  of  use  con¬ 
sidered  in  this  study,  are  assumed  equal  to  four  times  the  conventional 
working  stresses  for  timber,  as  listed  in  standard  stress  grading  codes  for 
structural  timber^,’  Thus,  Equation  3.  42.  lb  may  also  be  written  as 


P,  =  4  Af 

dy  pp 


(3,  42.  lc) 


where 


static  yield  resistance  of  an  axially-loaded  compression 
member,  (lb.  ) 

dynamic  yield  resistance  of  an  axially-loaded  compression 
member,  (lb.  ) 

cross-sectional  area  of  post,  (sq.  in.  ) 

static  yield  stress  for  compressive  loading  of  timber 

parallel  to  the  grain,  (psi) 
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\ 


!' 

.3 


f  dpp 

£PP 


dynamic  yield  stress  for  compressive  loading  of  timber 
parallel  to  the  grain,  (psi) 

conventional  working  stress  for  static  compressive 
loading  of  timber  parallel  to  the  grain,  (psi) 


Table  3-  64  contains  values  of  P  ,  for  standard  sizes  of  timber 

dy 

posts,  calculated  from  Equation  3,  42.  lc  for  representative  levelB  of  conven¬ 
tional  working  stress.  In  order  to  make  use  of  this  and  subsequent  tables 
in  this  section,  it  is  first  necessary  to  select  a  species ’of  structural  timber, 

The  conventional  working  stress  will  then  be  identified  for  the  selected 

(17  18  19) 

species  and  proposed  type  of  loading,  using  standard  reference  sourcesv  ’  ' 

and  making  appropriate  adjustments  for  any  unusual  conditions  of  exposure 
or  service.  The  values  of  working  stress  thus  obtained  may  then  be  used  to 
enter  the  tables  and  obtain  resistance  functions.  These  functions  incorporate 
increases  in  conventional  timber  stresses,  as  described  in  Chapter  2.  If 
use  is  to  be  made  of  a  species  whose  range  of  working  stresses  iB  not  in¬ 
cluded  in  the  tables,  the  conventional  allowable  working  stress  for  that 
species  may  then  be  multiplied  by  4.  0  and  the  results  used  directly  for 
timber  shelter  design. 

If  a  timber  post  supports  one  end  of  a  beam  of  length  L  ft.  and 
center-to-center  spacing  B  ft.,  loaded  with  an  equivalent  Btatic  load  of 
qc  psi.,  the  yield  capacity  of  the  timber  compressive  member  can  be  ex¬ 
pressed  as 


qc(J^  x  12B)  =  Pdy  .  Afdpp 
or 

q  -  0.0139  Af'  »  0,  0555Af  (3.42.2) 

dpp  pp 

3.  43  Beams 

The  yield  capacity  of  a  timber  beam  may  be  controlled  either  by 
flexural  stresses  or  by  horizontal  shear.  As  was  found  to  be  the  case  for 
the  steel  beam  in  Section  3.  23,  the  controlling  mode  will  be  determined  by 
the  beam  length.  Horizontal  shear  will  limit  the  capacity  of  a  short  beam, 


3-249 


Table  3-64 


DYNAMIC  YIELD-LOAD  CAPACITIES  FOR 
AXIALLY-LOADED  SHORT  TIMBER  POSTS,  Fdy>  (kips)' 


NOMINAL 

SIZE  OF 

CONVENTIONAL  WORKING  STRESS,  psi  .  ,  FOR 
COMPRESSION  PERPENDICULAR  TO  THE  GRAIN 

POST,  in. 

1000 

1250 

1500 

1750  ‘ 

2000 

8  x  8 

“ 

226 

1 

283 

339 

396 

452 

8x10 

286 

358 

430 

501 

573 

8x12 

347 

433 

520 

607 

693 

8x14 

407  ■ 

50  9 

611 

712 

814 

8x16 

467 

584 

701 

818 

935 

8x18 

528 

660 

791 

923 

1055 

10x10  . 

363 

454 

544 

635 

726 

10  x  12 

439 

549 

659 

769 

878 

10  x  14 

'  516 

644 

773 

902 

1031 

10  x  16 

592 

740 

888 

1036 

1184 

10  x  18 

668 

8  35 

1002 

1170 

1337 

12  x  12 

532 

665 

79  7 

930 

1063 

12  x  14 

624 

780 

936 

1092 

1248 

12x16 

717 

896 

1075 

1254 

1433 

12  x  18 

809 

101 1 

1214 

1416 

1618 

14  x  14 

733 

916 

1099 

1282 

1465 

14x16 

841 

1051 

1262 

1472 

1682 

14x18 

950 

1087 

1425 

1662 

1899 

14  x  20 

1058 

1323 

1587 

1852 

2117 
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with  flexural  stresses  remaining  below  the  flexural  yield  point.  At  some 
Increased  length,  assuming  that  the  total  load  remains  constant,  the  beam 
will  have  simultaneously  reached  its  yield  strength  in  flexure  and  in  horizontal 
shear.  This  length  was  designated  as  L,fv  in  the  discussion  of  the  steel  beam 
in  Section  3.  23  and  the  same  notation  will  be  adopted  for  the  timber  beam. 
However,  it  should  be  recognized  that  for  the  steel  beam  was  calculated 

with  assumptions  of  plastification  and  internal  stress  redistribution  at  critical 
sections,  while  the  calculation  of  Lfv  for  the  timber  beam  assumes  elastic 
behavior  and  yield-point  stresses.  Actually,  as  calculated  for  the 

timber  beam  is  more  nearly  comparable  to  L  for  the  steel  beam. 

For  beam  lengths  greater  than  L^,  the  load  capacity  of  the  beam 
is  controlled  by  flexural  stresses.  Thus,  sb  was  found  to  be  the  case  for 
the  symmetrically-loaded  steel  beam,  total  load  capacity  remains  constant  for 
lengths  less  than  Lfy  and  decreases  at  greater  lengths.  In  the  design 
detailing,  for  either  case,  it  will  also  be  necessary  to  ensure  that  sufficient 
bearing  area  is  provided  at  the  ends  of  a  beam  bo  that  the  dynamic  yield 
stress  in  compression  perpendicular  to  the  grain  (f*^  r)  is  not  exceeded. 

(i)  Simply-Supported  Beams 

For  the  elastic  bending  range,  the  conventional  flexural  working 
stress  for  a  timber  beam  can  be  related  to  the  external  bending  moment  and 
to  the  properties  of  the  section.  Since  elastic  bending  is  assumed,  this  level 
of  the  working  stress  will  occur  on  the  extreme  fibers  of  the  beam 

if  =  (3.43.1a) 

By  incorporating  the  effective  increase  in  flexural  yield  stress 
which  is  postulated  in  this  study.  Equation  3.  43.  la  may  be  written  in  terms 
of  the  dynamic  yield  stress  at  the  extreme  fibers  of  the  beam 

f’df  a  T-  (3.43.1b) 

where 

ff  =  conventional  working  stress  of  timber  beam  in  flexure,  (psi) 
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f'^  =  dynamic  yield  stress  in  flexure,  (psi) 

M  =  applied  bending  moment,  (in.  -  lb) 

4 

S  =  section  modulus  of  beam,  (in.  ) 

For  a  simply- supported  beam  of  length  L  ft. and  center-to- center 
spacing  B  ft.  ,  uniformly-loaded  with  an  equivalent  static  load  of  psi,  the 
maximum  bending  moment  occurs  at  the  center  of  the  beam.  For  thiB  case, 
the  maximum  elastic  bending  moment  corresponding  to  dynamic  yield  stresses 
in  the  extreme  fibers  of  the  beam  can  be  written  as 

q-  x  1 2 B  x  144L2  - 

M  =  — - g -  =  216  qf  B  L 


or,  substituting  M  =  S  f'^  and  rearranging  terms, 
qfBL2  s 

^df  =  Z™- 


(3.43.2) 


,  For  a  rectangular  section  of  width  b  in.  and  total  depth  D  in., 
bD^ 

S  =  -g —  .  Thus,  by  further  rearrangement  of  terms,  Equation  3.  43.  2 
becomes 


qfB  L2  b  d2 


(3.  43.  3) 


The  conventional  working  stress  in  horizontal  timber  Bhear  is 
related  to  the  total  vertical  shear  by  the  equation, 


V  Q 

T 


(3.  43.  4) 


where 


V 

Q 


conventional  working  stress  for  timber  in  horizontal 
shear,  (psi) 

vertical  shear  at  the  section  of  the  beam  being  conside red,  (lb) 

statical  moment  of  the  cross-sectional  area  of  the 

3 

section  above  or  below  the  neutral  axis,  (in.  ) 
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4 

I  =  moment  of  inertia  of  the  cross-section,  (in.  ) 
b  =  width  of  beam,  (in.  ) 


For  a  rectangular  section,  Equation  3.  43.  4  reduces  to 


vh 


i.  5 


V 

unr 


(3.  43.  5) 


The  maximum  shear  in  a  simply- supported  beam  occurs  at  the 
supports.  Thus,  if  a  rectangular  beam  of  length  L  ft.  and  spacing  B  ft. 
is  uniformly-loaded  with  an  equivalent  static  load  of  qv  psi,  Equation  3.  43.  5 
becomes 


b  D 

=  W 


(3.43.6) 


Finally,  if  the  loading  is  such  that  the  beam  is  at  its  dynamic 
yield  stress  f1^^  in  horizontal  shear,  this  expression  may  be  written  as 


q  B  L 
f'dvh 


b  D 

'  UTS" 


(3.  43.7) 


Solving  Equations  3.  43.  3  and  3,  43.7  simultaneously,  we  obtain 
the  length  of  fully-loaded  rectangular  timber  beam  (L=  Lfv)  at  which 
dynamic  yield  stresses  are  simultaneously  developed  in  flexure  and  in 
horizontal  shear. 

for  qf  =  qv  =  qfv  (3.43.8) 

The  three  cases  of  design  interest  are  summarized  as  follows: 


Tv 


D 

T2 


3-253 


0  <  L  £  Lfv 
Shear  controls 


'max, 


b  D  f'dvh 

1'0S~J6‘  L 


-  ^max. 

^  ^  ^fv  ^max. 
Flexure  controls 


J  U  I  «  i  U  1  ,  - 

dvh  df 

b  D'f'ai 
1296  B  L2 


(3.  43.9) 


Prior  to  computing  resistance  functions  from  Equation  3.  43.  3  and 
3.  43.  7,  a  further  simplification  can  be  introduced  by  recognizing  that  the 
factor  which  is  used  to  cnwert  conventional  timber  working  stresses  to 
dynamic  yield  stresses  has  a  constant  value  of  4.0  (Chapter  2).  Thus,  by 
factoring  this  value,  we  obtain  simplified  expressions  for  the  resistance 
function 


L  :£L, 
fv 


L2L 


fv 


qv  B  L  b  D 

FT —  =  "Z7 

vh 

qf  B  L2  b  d2 

~T{ -  =  37T~ 


(3.  43.  10) 

(3.  43.  11) 


2 

Computed  values  of  the  resistance  functions  q^  B  L  /f^  and 
qyB  L'/fvh  are  supplied  in  Table  3-65  for  standard  sizes  of  timber  beams. 
However,  since  the  ratio  f|/f  ^  for  common  structural  timbers  varies  over 
an  appreciable  range,  it  is  necessary  to  evaluate  L^v  for  each  proposed 
application.  The  design  procedure  involves  computing  the  resistance 
function  (either  qvB  L/f  ^  or  q^BL2/^,  according  to  the  designer's  best 
judgment  as  to  whether  L  <  L ^  or  L,  >  L^)  ,  then  selecting  a  beam  which 
will  furnish  the  required  resistance,  and  finally  computing  for  the  beam 
by  use  of  Equation  3.  43.  8  to  verify  that  the  assumed  failure  mode  was 
actually  critical. 
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Table  3-65 


RESISTANCE  FUNCTIONS  FOR  SIMPLY -SUPPORTED 
AND  FIXED-END  TIMBER  BEAMS 


As  used  in  Equation  3.  43.  10  and  3.  43.  11,  f^  and  f£  refer  to 
conventional  working  stresses  in  horizontal  shear  and  in  flexure,  as  proposed 
in  standard  stress-grading  codes  for  structural  timber. 

(2)  Fixed-End  Beam 

Analytical  equations  are  similarly  developed  for  the  fixed-end 
timber  beam.  Any  design  based  upon  the  assumption  of  end  fixity  must, 
however,  recognize  the  practical  difficulties  which  may  result  from  a  re¬ 
quirement  for  full  restraint  of  the  beam  ends.  The  maximum  elastic  moment 
occurs  at  the  fixed  ends,  and  can  be  expressed  as 

q,  x  12  B  x  144  L2  7 

M  =  — - ft -  =  144  q£  B  Lr 

Rearranging  terms,  and  expressing  the  equation  in  terms  of  the 
loading  q£  associated  with  dynamic  yield  stress  in  flexure  (f1^)  for  a 
rectangular  timber  beam,  we  obtain 


qfBL2  bD; 

^df  =  “W* 


(3.43.  12) 


The  maximum  horizontal  shear  occurs  at  the  fixed  end,  hence  the 
expression  for  the  loading  qv  associated  with  dynamic  yield  stress  in 
horizontal  shear  (f',jvjj)  1®  the  same  as  for  the  simply- supported  case. 


q  B  L 
v 

~rd^h 


b  D 
TW 


(3.43.7) 


Equations  3.  43.  12  and  3.  43.7  can  be  solved  simultaneously  to 
find  the  length  of  loaded  fixed-end  beam  (L£v)  at  which  yield  stresses  are 
simultaneously  developed  in  flexure  and  in  horizontal  shear. 

for  qf  =  qv  =  qfv  (3.43.13) 


Tv 


D 

T 


df 


dvh 


The  three  cases  of  design  interest  are  summarized  as  follows: 
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0  <  L  <L. 

fv 

Shear  controls 
L  =  Lfv 


qf=  qv 

LSL. 

fv 

Flexure  controls 


bDl'  , 
dvh 

~m  'B't 


b  D  £'  . 

dvh 

TTrS"B'"L" 


b  D  f 


df 


864  B  Li4 


b  D  f 


2,. 


df 


864  B  L‘ 


(3.  43.  14) 


As  explained  in  the  discussion  of  the  Bimply- supported  timber 
beam,  however,  these  dynamic-loading  resistance  functions  may  also  be 
expressed  in  terms  of  conventional  timber  working  stresses.  Factoring 
the  conversion  factor  of  4.0,  the  resistance  functions  can  be  expressed  in 
terms  of  conventional  working  stresses. 


L<Lfv 


q  B  L 


vh 


b  D 
T7~ 


(3.  43.  15) 


L  >  L , 
fv 


qf  B  lZ  _  b  D2 

—r{ —  =  "TTT 


(3.  43.  16) 


The  terms  f  ^  and  f^  in  Equations  3.  43.  15  and  3.  43,  16  again 
refer  to  conventional  working  stresses  in  horizontal  shear  and  in  flexure, 
as  proposed  in  standard  stre ss -grading  codes  for  structural  timber. 

Re ri.^tance  functions  computed  from  these  equations  can  be  used  directly  in 
design  by  first  assuming  the  controlling  function  for  a  specific  beam 

Lfv  or  L-2-L^),  then  selecting  a  suitable  beam,  and  finally  computing 
L,£v  from  Equation  3.  43.  13  to  check  the  validity  of  the  initial  assumption 
as  to  controlling  failure  mode. 


Table  3-65  contains  values  of  shear  and  moment  resistance 
functions,  computed  for  standard  sizes  of  timber  beams,  which  are  applicable 
both  to  simply- supported  and  to  fixed-end  conditions.  The  resistance 
functions  for  the  flexural  mode,  as  presented  in  this  table,  are  computed  by 
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assuming  the  larger  dimension  of  a  rectangular  cross-section  as  its  depth, 
D,  and  its  smaller  dimension  as  the  beam  width,  b. 


The  cost  of  structural  timber  elements  is  a  function  of  the  number 
of  board  feet  of  timber  contained  in  the  element.  In  general, the  smaller 
the  dimension  of  timber  used  in  the  assembly  of  an  element,the  lower  the 
material  cost.  However,  it  should  be  noted  that  often  increased  fabricating 
costs  will  offset  this  initial  material  cost  advantage. 


The  total  cost  of  any  timber  element  may  be  expressed: 


X  b  D  L 
w 

CT  =  "MS - 


(3.  43.  17) 


Where: 

X  =  unit  cost  of  timber  (MBF) 
w 

b  =  width  of  members  (in.  ) 

D  =  depth  of  (in.  ) 

L  =  length  of  member  (ft. ) 
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3.5  Masonry  Walls 


Under  certain  conditions,  masonry  walls  can  withstand  much  larger 
lateral  loads  than  those  predicted  by  conventional  analyses  based  on  Bimple 
bending.  This  additional  strength  is  developed  in  walls  of  appreciable  thick¬ 
ness  whose  ends  are  constrained  by  supports  which  are  essentially  unyield- 

(471 

ing.  For  example,  in  experiments  on  brick  beams'  it  was  found  that 
beams  with  rigid  supports  developed  from  three  to  six  times  the  load-carry¬ 
ing  capacity  of  simply  supported  beams.  A  so-called  "arching  action"  takes 
place,  in  which  the  resistance  of  the  wall  to  lateral  loads  is  due  entirely  to 
apposing  forces  which  are  set  up  in  the  plane  of  the  panel.  The  magnitude  of 
the  total  opposing  force  is  directly  related  to  the  resistance  of  the  masonry 
material  to  crushing  at  the  midspan  and  at  the  supported  ends. 

The  idealized  wall,  as  analyzed  in  this  section^^*  can  consist 
of  brick,  concrete  rubble  masonry,  unreinforced  concrete,  concrete  block, 
or  similar  materials  with  appreciable  thickness  and  compressive  strength. 
The  wall  is  analyzed  as  a  simply-supported  beam  whose  supports  remain  fixed 
in  position  during  the  loading  of  the  beam.  The  beam  is  assumed  to  be  of 
uniform  solid  cross-section,  with  a  clear  span  of  L  feet,  a  depth  of  D  inches, 
and  a  unit  one-inch  width.  It  is  shown  in  a  deformed  position  in  Figure  3-6, 
with  details  of  the  geometry  at  the  contact  area.  The  following  nomenclature 
is  indicated  on  these  figures. 


D  =  thickness  of  wall,  (in.) 
Li  =  clear  span  of  wall,  (ft) 


w  =  maximum  deflection  of  center  line  of  wall  for  a  given 
angular  rotation  9,  (in.) 


6  ~  angle  of  rotation  of  half-wall 

a  =  portion  of  half-wall  thickness  D/2,  measured  from  the 

center  line  of  the  wall  for  a  given  horizontal  rotation  0, 
which  is  no  ionger  in  contact  with  the  support,  (in.) 

C<  y  =  length  of  contact  area  corresponding  to  a  given  angular 
rotation  9 


y 


coordinate  measured  as  indicated  in  Figure  3-6,  (in.) 
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6  =  shortening  at  distance  y  of  material  in  contact  with  support 

(in.) 

6  =  maximum  shortening  at  extreme  fiber  of  material  in  contact 

0  with  support,  (in.) 

The  assumed  mode  of  response  of  the  idealized  wall  is  such  that 
each  half  of  the  beam  rotates  as  a  rigid  body  about  the  first  point  in  contact 
with  the  support.  Equilibrium  requires  that  the  contact  areas  at  the  ends 
and  center  of  the  wall  be  equal.  The  motion  is  such  that  the  length  of  the 
contact  area  decreases  with  increasing  center  deflection.  For  small  values 
of  angular  rotation  9  the  distance  a  can  be  expressed  as 

*  ■  3L [■vt.T*]  i3-5-1’ 

The  maximum  center  line  deflection  can  be  expressed  in  terms  of 
the  rotation  of  the  center  line  of  the  beam. 


wQ  =  2  a  (1  -  cos  0)  +  *2 L  ain  e 

or  (3.5.2) 

.  I  1  -  cos  9 

W  =  12  L  - : - s - 

o  sin  9 

The  decrease  in  the  length  of  contact  area  and  the  increase  in  max 
imum  center  deflection  are  thus  related,  for  the  specific  units,  as 


and 


w  =  4a 
o 


(3.5.3) 


It  is  convenient  to  introduce  the  following  nondimens ional  notation. 


(3.5.4) 
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then 


sin  0 


2  nu 

1  +  (nu)2 


cos  e 


1  -  (nu)2 
1  +  (nu)2 


(3.5.5) 


From  the  geometry  of  Figure  3-6,  the  fraction  ex’  of  the  half¬ 
depth  D/2  which  is  in  contact  with  the  support  for  an  angular  rotation  0  is 
given  by 


cx  = 


_1 

2 


Cl  +  (nu)2 

[rrtyi 


[■  -  ?] 


(3.5.6) 


The  total  shortening  of  the  material  at  a  position  y  is 

nu  D  (l  -  jf  -  y) 

5  s  - , - 

1  -  (nu)2 


(3.5.7) 


Since  the  beam  is  assumed  to  be  cracked  at  its  center  (see  Figure 
3-6)  the  total  change  in  length  6  given  by  Equation  3.5.7  is  averaged  over  one 
half  of  the  beam  length  to  find  the  average  strain.  Thus, 


e_ 

avg. 


6/6  L 


(3.5.8) 


It  will  be  assumed  that  the  strain  along  any  one  fiber  of  the  beam  varies  linearly 
from  a  maximum  at  its  contact  end  to  zero  at  its  cracked  end.  The  strain  at 
the  contact  end  is  then 


e  -  l  e  -  s— s- 
cm  avg  3  L. 

The  strain  at  the  contact  area  in  a  beam  fiber  a  distance 
wall  surface  can  then  be  expressed  as, 


(3.5.9) 

y  from  the  unloaded 


,  2 

=  4n  u 


-  lx  .  * 

D  2 
1  -  (nu)2 


(3.  5.  10) 
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Defining  f as  the  ultimate  crushing  strength  associated  with  the  ultimate 
strain  e'cm  for  the  material,  and  introducing  the  nondimensional  variable 
R  where 


R  = 


4  n 


cm 

T 


36  e1  L 
cm 

- ^ - 


(3.5.11) 


Eq.  3.5.  10  can  be  written  as, 
R  e 


cm 


=  u 


1  -  (m)2 


(3.5. 12) 


For  the  range  of  interest  considered  here,  both  n  and  u  will  be  sufficiently 
small  so  that  the  term  ^1  -  (nu)2]  can  be  approximated  by  unity.  The 
equation  for  strain  variation  from  the  ultimate  along  a  unit  width  of  contact 
area  is  then  given  by, 


R  e 


cm 


cm 


(3.5.13) 


The  arching  force  per  unit  width  of  beam,  P,  represents  the 
resultant  of  stress  distribution  along  the  contact  areas  at  the  end  and  center 
of  the  beam,  and  is  related  to  the  nondimensional  center  deflection,  u-  The 
force  P  has  been  evaluated  for  several  values  of  R.  The  results  are 
plotted  in  Figure  3-7  in  terms  of  the  dimensionless  parameters  u  and 
8  P/(f  D). 

'  '  cm  ' 

The  mcmait  resistance,  M,  is  defined  as  the  moment  due  to  arching 
forces,  M  =  r(u)  P,  where  r  (u)  is  the  moment  arm  shown  in  Figure  3-6. 
From  the  geometry  of  the  deflected  wall, 


r  (u) 


1  +  (nu)2 
,  1  -  (nu)2  . 


_ u _ 

1  +  (nu)2  - 

(3.5. 14) 


where  y  locates  the  centroid  of  the  stress  distribution  along  the  contact 

2 

area.  If,  as  before,  the  quantity  (nu)  is  neglected  in  comparison  with 
unity,  an  approximate  form  for  r  (u)  is  found  to  be 
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ro 


CM 


U10 

Olf  «OT1TTH  }KT\JTJX 
rf  8 


r  (u)  =  D 


1 


a 


(3.5.  15) 


D 


The  moment  resistance,  M,  has  been  computed  for  several  values 

of  K  and  the  results  are  plotted  in  Figure  3-8  in  terms  of  the  dimensionless 

2 

parameters  u  and  16M  (f'e  D  ). 

Table  3-66  can  be  used  to  obtain  solutions  for  the  ultimate  transverse 

unit  load  q  for  specified  values  of  wall  length  L,  wall  thickness  D,  and 

masonry  crushing  strength  f1  .  Conversely,  if  q  is  specified,  the  required 

wall  thickness  D  can  be  obtained.  Assuming  that  D  and  L  are  known,  the 

quotient  12  L/D  is  first  calculated.  Next,  for  a  specified  value  of  f1  ,  the 

ultimate  strain  e'  is  calculated  as  the  quotient  f1  /E.  The  resistance 
cm  ^  cm' 

function  R  =  e 'c  /4  x  ( 12  L/D)  can  now  be  calculated.  Entering  the 
table  with  values  for  R  and  for  12  L/D,  the  corresponding  value  for 
q/f'c  can  be  read  directly.  The  table  includes  the  assumption  that  the 
modulus  of  elasticity,  E,  is  known  for  the  wall  material. 

Figure  3-9  shows  ultimate  values  of  lateral  load  (psi),  plotted  as 
ordinate  with  half-span  length,  ijr  (ft)  as  abscissa,  for  selected  ratios  of 
wq/12  Li.  Figure  3-10  shows  plotted  values  of  the  total  lateral  wall  thrust, 

P  (kips/sq  in.),  which  is  developed  at  at  the  rigid  wall  supports  for 
selected  ratios  of  w  /i2  L. 

O' 

The  cost  of  concrete  masonry  units  includes  the  cost  of  the  block 
and  of  No.  3  steel  reinforcing  rod  which  is  grouted  in  place. 

C  =  X 
t  cm 

c_  =  [hl|  X 

T  l  J  cm 

Where:  X  =  unit  cost  of  reinforced  concrete  masonry  units,  {$/  sq  in.  ) 
cm 

L  =  length  of  wall,  (ft) 

=  cost  factor  for  block  wall,(i>/sq  ft) 

Crj,  -  total  cost  of  block  wall,  ($) 

H  =  height  of  wall  (ft) 
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VARIATION  OF  RESISTING  MOMENT  RATIO  WITH  MID-SPAN  DEFLECTION 

IDEALIZED  MASONRY  WALL 


Table  3-66 

RATIO  OF  ULTIMATE  UNIT  TRANSVERSE  LOAD  TO  ULTIMATE 
UNIT  CRUSHING  STRENGTH  FOR  ARCHING  MASONRY  WALL  (q/f  ) 

cm 


Value  of  Non-Dinr.ieneion.al  R 

Ra.io 

1.000 

0.  5000 

0. 2500 

0.1250 

0.  0625 

0.03125 

12  L/D 

0. 1808 

0. 3616 

0.  7220 

1.1320 

1.4255 

1.626 

1.0 

0.  080  33 

0.  1607 

0.  3209 

0.5031 

0.6336 

0.7227 

1,5 

0.04519 

0.  09039 

0.  1805 

0.2830 

0.3564 

0.4065 

2.  0 

0. 02892 

0.0578  5 

0.  1155 

0.1811 

0.2281 

0.2602 

2.  5 

0.02008 

0. 04017 

0.  08022 

0.1258 

0. 1584 

0.1807 

3.  0 

0.01476 

0.  02951 

0.  05894 

0.09241 

0.1164 

0.1327 

3.  5 

0.  011  30 

0.  02260 

0.  04513 

0.07075 

0.08909 

0.1016 

4.0 

0.008926 

0.01785 

0.  03565 

0.05590 

0.07040 

0.08030 

4.  5 

0.  007230 

0.01446 

0.  02888 

0. 04528 

0.05702 

0.  06504 

5.  0 

0.005975 

0. 01195 

0.  02387 

0.03742 

0.04712 

0.05375 

5.  5 

0.005021 

0.  01004 

0.02006 

0.03144 

0.03960 

0.04517 

6.0 

0. 004278 

0.  008557 

0.  01709 

0.02679 

0.03374 

0.03B49 

6.  5 

0.003689 

0.  007379 

0.01473 

0.02310 

0.02909 

0.03318 

7.  0 

0.003213 

0.  006428 

0.  01284 

0.02012 

0.02534 

0.02891 

7.  5 

0.002824 

0. 005649 

0.  01128 

0. 01769 

0.02227 

0.02541 

8.  0 

0.002502 

0.  005004 

0.  009993 

0.01567 

0.01973 

0.02251 

8.  5 

0.002231 

0.  004464 

0.008914 

0.01398 

0.01760 

0.  02007 

9.0 

0.002003 

0. 004006 

0.008000 

0.01254 

0.01580 

0.01802 

9.5 

0.001808 

0.  003616 

0.  007220 

0.01132 

0.01426 

0.01626 

10.0 

0.001639 

0. 003279 

0.  006549 

0.01027 

0.01293 

0,01475 

10.  5 

0. 001494 

0. 002988 

0.  005967 

0.009355 

0.01178 

0. 01344 

11.0 

0.  001 367 

0.  002734 

0.  005459 

0.008560 

0.01078 

0. 01229 

11.5 

0.001255 

0.002511 

0.  005014 

0.007861 

0.  009899 

0.01129 

12.  0 

0. 001070 

0.  002139 

0.  004272 

0. 006698 

0.  008435 

0. 009621 

13.0 

0.0009222 

0.  001845 

0.003684 

0.005776 

0.007273 

0. 00B296 

14.  0 

0. 0008033 

0.  001607 

0.0  03209 

U. 005031 

0.006336 

0. 007227 

15.0 

0.0007061 

0.001412 

0.  002820 

0.004422 

0.005568 

0. 006352 

16.  0 

0,0006254 

0. 001251 

0.  002498 

0.003917 

0.004933 

0. 005626 

17.0 

0.0005579 

0.  001116 

0.  002228 

0. 003494 

0. 004400 

0.  005019 

18.  0 

0.0005007 

0.  001002 

0.002000 

0.003136 

0.003949 

0.004504 

19.  0 

0.000451 9 

0.  0009039 

0.  001805 

0. 00Z830 

0.  003564 

0.004065 

20.0 

0. 0004099 

0.  0008198 

0.  001637 

0.002667 

0, 00  32  3?. 

0. 003687 

21 . 0 

0.0003735 

0. 0007470 

0.001492 

0.002  339 

0.002945 

0.  00  3  360 

22.  0 

0.0003417 

0.  0006835 

0. 001 365 

0. 002140 

0.002695  j 

0. 003074 

23.  0 

0.0003138 

0.  0006277 

0.001255 

0. 001965 

0.  002475  ! 

0. 002823 

24. 0 
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3.6  Miscellaneous 
3.61'  Introduction 

The  earlier  sections  of  this  chapter  "Have  given  detailed  attention 
to  the  design  of  steel,  reinforced-concrete  and  timber  structural  elements  for 
possible  use  in  buried,  blast-resistant  shelters.  The  importance  of  these 
materials  in  the  construction  industry  has  warranted  their  thorough  examina¬ 
tions.  This  final  section  describes,  in  greatly  abbreviated  form,  a  few  of 
the  many  specialised  materials  and  combinations  with  possible  application 
tp  shelter  design:  no  detailed  analyses  or.  supporting  calculations 
are  provided  for  these  cases. 

3.  62  Prestressed  Concrete 

The  prestressing  of  concrete  beams  appears  to  offer  no  major 
advantages  in  the  design  of  heavy,  blast-resistant  structures.  Prior  to  any 
ultimate  moment  failure,  tension  cracks  will  open  in  the  prestressed  concrete. 
Once  this  condition  has  been  reached,  the  preBtressed  beam  behaves 
essentially  the  same  as  a  normally-reinforced  beam.  Failure  will  occur  at 
the  same  load  level,  without  regard  to  prestressing.  Prestressing  finds  a 
favorable  range  of  application  when  the  live  loading  is  eight  times  the  dead 
loading,  or  less.  Live  loadings  of  10  to  100  times  the  dead  load,  which  is 
the  loading  range  under  consideration,  are  unsuitable  for  the  use  of  pre- 
atressed  concrete. 

3.  63  Precast  Concrete 

A  r elatively-lar ge  proportion  of  the  in-place  cost  of  reinforced 
concrete  is  attributable  to  the  cost  of  formwork.  This  is  indicated  in 
Table  2-9  and  becomes  apparent  in  the  design  examples  of  Chapter  4.  For 
this  reason,  any  means  which  promotes  the  interchange  or  re-use  of  forms 
will  reduce  the  total  cost  of  concrete  structures.  Where  the  concrete  elements 
are  not  excessively  large,  and  where  hauling  distance  from  the  casting  bed 
to  the  construction  sites  is  sufficiently  short,  the  selective  use  of  precasting 
techniques  might  very  well  reduce  structural  costs  for  reinforced  concrete 
shelters.  Also,  apart  from  reusability  of  forms,  a  properly-organized  pre- 
casting  operation  should  result  in  better  concrete  control  and  in  a  more 
efficient  use  of  labor. 
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3.  64  Reinforced  Concrete  Joist  Systems 

Concrete  joist  systems,  either  one-way  as  in  "T-beam"  designs 
or  two-way  as  in  waffle  slabs,  are  successfully  employed  in  conventional 
construction.  A  joist  system  is  frequently  used  for  floors  and  roofs,,  since 
it  can  furnish  moment  resistances  equivalent  to  that  supplied  by  a  solid 
slab  with  an  appreciable  reduction  in  dead  load.  Offsetting  this  saving,  in 
part  at  least,  is  an  increase  in  forming  coats  and  a  reduction  in  the  shearing 
made  resistance  as  compared  with  a  solid  slab. 

In  conventional  construction,  where  moment  normally  governs  design 
and  where  dead  load  is  an  important  factor,  the  advantages  of  a  joist  system 
frequently  outweigh  its  disadvantages.  This  is  particularly  true  when  joists 
are  precast,  or  where  reusable  forms  are  introduced.  In  blast  resistant 
design,  where  heavy  loads  and  short  spans  predominate,  a  minor  reduction 
in  dead  load  is  of  little  consequence,  and  the  shearing  resistance  of  the 
system  is  frequently  critical.  As  an  additional  factor,  the  solid  slab  may 
provide  more  protection  from  radiation  than,  is  supplied  by  a  joist  system 
of  equivalent  strength. 

3.65  Composite  Construction 

Composite  construction  is  used  where  long  spans,  with  large  positive 
moments  and  deflectionS/govern  design.  However,  for  heavy  blast  loading, 
shear  is  frequently  the  governing  design  parameter.  The  shearing  strength  of  the 
concrete  in  composite  steel-concrete  design  is  small,  particularly  since  the 
concrete  will  probably  crack  before  the  full  shear  resistance  is  developed  in 
the  web  of  the  steel  structural  shape.  For  such  cases,  the  concrete  would  not 
contribute  to  the  load  carrying  capacity  of  the  steel  member.  Composite 
design  would  also  increase  the  practical  difficulties  in  obtaining  full  end- 
fixity  for  the  member,  with  its  resulting  economies.  In  summary,  it  is  con¬ 
cluded  that  composite  beam  design  offers  no  advantages  for  heavy  blast 
resistant  structures. 

3.66  Stabilized  Earth 

The  ability  of  selected  earth  materials  to  resist  applied  loading  can 
be  increased  by  properly-selected  stabilization  methods.  These  can  include 
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compaction,  mixture  with  other  soils,  chemical  additives,  drainage, 
electrolysis,  addition  of  binder  materials,  etc.  The  unsolved  problem,  as 
repeatedly  discussed  in  this  report,  is  the  development  of  a  relationship 
between  soil  strength,  depth  of  burial  for  a  structure,  magnitude  of  over¬ 
pressure  at  the  ground  surface,  and  required  structural  resistance.  This 
interrelationship  is  considered  in  more  detail  in  Appendix  A  to  this  report. 

Soil  stabilization  can  increase  soil  shearing  resistance.  At  the 
same  time,  the  stabilization  process  can  be  expected  to  alter  the  elastic 
characteristics  of  the  soil  and  thus  modify  its  response  to  an  induced  ground- 
shock,  The  increase  in  the  combined  strength  of  a  particular  soil  and  a 
particular  structure  may,  if  an  economic  study  could  be  made,  fully  justify 
the  cost  of  stabilization.  Indeed,  for  favorable  situations  of  blast  wave  and 
burial  depth,  the  soil  itself  might  conceivably  constitute  the  shelter  structure 
(see  Appendix  A).  Lacking  any  real  understanding  of  the  quantitative  sign¬ 
ificance  of  soil  strength  in  the  soil- structure -blast  wave  interaction,  however, 
it  seems  pointless  to  discuss  the  relative  costs  and  effectiveness  of  soil 
stabilization  processes. 

3.  67  Fiber  Reinforced  Plastics 

Increasing  interest  is  currently  shown  in  the  use  of  plastics  for 
structural  purposes.  Of  the  many  varieties  of  available  plastics,  the  most 
suitable  structural  type  appears  to  be  fiberglass  reinforced  plastic  (FRP). 

This  material  is  reinforced  with  glass  fiber  in  the  form  of  cloth,  woven 
roving  fibers,  or  chopped  fibers.  Various  methods  are  used  to  combine  the 
fiber  with  a  matrix  of  epoxy  or  polyester  resin,  and  to  form  the  desired 
structural  shape. 

It  is  concluded  that  the  spray-up  polyester  laminate,  using  chopped 
glass  fibers  with  a  polyester  resin  and  forming  structural  shapes  by  spray 
applications,  is  of  primary  interest  for  shelter  construction.  Surfaces  of 
complex  curvatures  can  thus  be  formed  at  minimum  forming  costs.  However, 
this  method  of  application  results  in  thickness  variations  for  the  finished 
product. 
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The  FRP  structure,  in  its  present  state  of  development,  does  not 
constitute  the  least-cost  structural  form  for  a  buried  shelter.  However,  it 
has  certain  intrinsic  advantages  (see  Appendix  B)  which  may  render  its  use 
more  feasible.  The  material  warrants  future  re-examination,  particularly 
as  additional  experience  in  its  fabrication  and  performance  is  accumulated. 


CHAPTER  4  STRUCTURAL  DESIGNS  FOR  THE  100-MAN  SHELTER 


4.  1  Introduction 

Chapter  3  supplies  extensive  data  pertaining  to  the  design  and  costing 
of  structural  elements.  In  order  to  evaluate  structural  costa  for  entire 
shelters,  however,  these  elements  must  be  utilized  into  actual  shelter  designs. 
Obviously,  there  are  a  great  many  ways  in  which  structural  elements  of 
different  materials  can  be  combined  to  form  a  complete  structure.  The 
results  of  other  investigations^’  ^  supply  some  guidance  as  to  optimum 
configuration  and  interior  layout  for  buried  shelters  at  selected  levels  of 
overpressure.  Other  studies^'  also  indicate  a  relationship  between 

optimum  configuration  and  level  of  overpressure. 

From  the  findings  of  these  earlier  studies,  and  from  the  cost  and 
analytical  relationships  developed  in  this  report,  representative  shelter 
configurations  and  material  combinations  are  selected  for  detailed  study. 

The  paramount  consideration  in  making  these  selections  is  minimum  structural 
cost  for  the  total  shelter.  However,  acceptable  shelter  designs  must  also 
utilize  construction  methods  and  materials  which  lentf  themselves  to  a  mass 
shelter  construction  program.  The  shelters  are  designed  for  100-man 
capacity,  and  their  structural  requirements  are  investigated  over  a  wide 
range  of  overpressures.  Similar  design  and  costing  procedures  could  readily 
be  applied  to  other  sizes  of  shelter,  if  subsequently  desired.  Shelter  costs 
presented  in  this  chapter  are  based  on  theoretical  design  material  quantities, 

In  many  cases  limitations  on  size  or  material  availability  dictate  that 
substitutions  or  slight  revisions  of  the  material  quantities  be  made.  These 
changes  normally  tend  to  increase  cost  to  a  minor  degree. 

4.  2  Design  Assumption 

4.  21  Area  and  Volume  Requirements 

All  shelter  configurations  are  based  on  100-man  capacities,  Shelter 
floor  area  is  determined  by  bunk  layout  sufficient  to  sleep  100  people  simul¬ 
taneously,  plus  a  minimum  of  250  square  feet  administrative  and  service  area. 


4-1 


The  bunking  recommendations  listed  in  Reference  9  are  used,  except  that 
bunk  width  has  been  increased  from  2'-2"  to  2'-6".  Alternatively,  if  de¬ 
sired,  the  Z'-Z"  bunk  width  could  be  retained  and  the  aisle  width  increased 
above  the  2'-0"  specified  minimum.  The  bunking  criteria  used  in  this  study 


are  summarized  as  follows  : 

Bunk  dimensions 

-  6 

1  4"  long  x  2'  6"  wide 

Maximum  tiering 

-  5 

high 

Dower  bunk  clearance 

-  7 

it 

Vertical  bunk  spacing 

-  I1 

i  g it 

Clearance  between 

bunk  and  ceiling 

-  1 

i  gti 

Minimum  aisle  width 

-  2 

i  on 

Minimum  acceptable  floor 

area  and 

shelter  volume  are  800  eq  ft 

and  6500  cu  ft,  respectively,  corresponding  to  8  sq  ft/man  and  65  cu  ft/man. 
4.  22  Dimensional  Limitations 

The  shelters  are  designed  as  a  ''survival"  mechanism,  where 
structural  costs  are  held  to  a  minimum.  The  limiting  structural  dimensions, 
as  specified  herein,  reflect  this  design  concept. 

a)  Minimum  concrete  shell  thickness  =  3" 

b)  Minimum  structural  concrete  Blab  thickness  =  4" 

c)  Minimum  non- structural  concrete  slab  thickness  =  2" 

d)  Minimum  poured-in-nlace  concrete  wall  thickness  ■  6" 

e)  Minimum  concrete  footing  thickness  =  8" 

f)  Recommended  concrete  covers,  measured  from  the  centroid 
of  steel  reinforcement,  are  listed  in  Table  4-1 

Table  4-1 

RECOMMENDED  MINIMUM  CONCRETE  COVER  FOR 
REINFORCED  CONCRETE  MEMBERS 


Total 

Depth  of 
Member 

Type  of  Member 

Beams,  Slabs 

Walls  and 

and  Shells 

Column 

D$  6 

6  >  D$:8 

3/4" 

1" 

1-1/2" 

2-1/2" 

3/4" 

8  >  D^IO 

D>  10 

6  <  D<12 

l" 

D>12 

_ 

0.  ID 
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f)  Ratio  of  compression  to  tension  steel,  O',  has  a  minimum 
value  of  0.25. 

g)  Tensile  steel  percentage,  <j>c  =  0.25  minimum  ,  in  concrete 
flexural  members  where 

100  A' 

-  ~ bd- ^ 

h)  Main  steel  percentage,  ^  =  0.  50  minimum,  in  axially-loaded 
concrete  compression  members  where 


100  (A'  +  A"  ) 


i)  Main  steel  percentage,  ^'t  “  0.  50  minimum,  inconcrete 
compression  members  resisting  bending  moments  due  to 
eccentric  axial  loads  or  lateral  loads  where 


' A1  +  A"  I 

K  =  100[~bd  8j 


j)  Percentage  of  temperature  steel,  =  0.  10  minimum,  where 


<te  s  10°L  bD 


A  (temp. ) 


in  any  concrete  member  where  temperature  steel  is  specified. 

k)  Minimum  footing  width  =  2'-0". 

l)  Minimum  depth  of  burial  for  roof  of  shelter  =  3'-6". 

4.23  Burial  Requirements 

Depth  of  burial  must  satisfy  both  full  burial  and  radiation  attenuation 
criteria.  The  criteria  for  full  burial^  ,  which  are  illustrated  in  Figure  1-1, 
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require  only  that  the  roof  of  a  cubicle  be  located  at  or  below  ground  level. 
Curved  roof  surfaces  must  have  a  minimum  earth  cover  satisfying  the  larger 
of  the  following: 

a)  Cover  of  S^/8  over  the  crown. 

b)  Average  cover  of  S^/4  . 

Since  this  study  is  limited  to  rectangular,  full  circle  or  semi¬ 
circular  structures,  the  controlling  full -burial  requirements  can  be  expressed 
as  follows : 

Rectangular  structures; 

Arch  and  cylinder: 

Dome  and  sphere: 

where 

ST  =  diameter  of  curved  structure,  (ft) 

J-i 

li  j  =  minimum  depth  of  cover  over  the  highest  point  of  the 
structure,  (ft) 

The  depth  of  burial  which  iB  required  for  radiation  protection  is 
related  to  the  types  and  initial  intensity  of  external  radioactive  fields,  to  their 
decay  as  a  function  of  time,  and  to  the  tolerable  radiation  dosage  for  a  shelter 
occupant.  Since  this  study  is  primarily  concerned  with  structural  materials, 
several  broad  assumptions  are  applied  in  obtaining  estimates  of  burial 
requirements  for  shelters.  The  external  fields  are  classified  as  "initial"  and 
"residual,  "  with  differing  mean  energy  characteristics,  and  are  separately 
examined  for  their  effect  on  a  structure. 

The  initial  radiation  is  considered  to  include  alpha  particles,  beta 
particles,  gamma  emanations  and  neutrons.  The  alpha  and  beta  particles, 
because  of  their  limited  range  and  effectiveness,  do  not  affect  structural 
material  requirements  for  buried  shelters.  Neutrons  are  considered  as 
directly  additive  to  gamma  radiations,  insofar  as  this  analysis  is  concerned, 
despite  some  differences  in  their  shielding  requirements.  Residual  radiation 


h  .  =  zero 

min. 

h  .  =  0.143S. 

mm.  L 


h  .  =  0.125S. 

min.  L 
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will  consist  primarily  of  lower  energy-level  gamma  radiations,  postulated 
to  have  a  maximum  one-hour  intensity  of  10,  000  roentgens  per  hour  (R/hr). 

The  tolerable  dosage  for  humans  is  still  a  subject  of  study,  al- 

f3  4  6  491 

though  various  recommendations  have  been  offered,  ’  ’  ’  '  The  body  are'a 

which  is  exposed  to  radiation,  as  well  as  the  time  period  over  which  such 
radiation  is  received,  will  influence  the  tolerable  dose.  Without  proposing 
absolute  limits  for  safe  dosage,  it  appears  unwise  to  design  shelter  shielding 
so  that  the  initial  dose  plus  the  residual  accumulated  doBe  during  a  two- 
week  shelter  stay  will  equal  the  maximum  safe  effective  dose.  It  must  be 
recognized  that,  in  the  majority  of  practical  cases,  a  person  would  receive  an 
additional  dose  after  leaving  the  shelter. 

In  this  study,  shielding  requirements  are  primarily  related  to  the 
level  of  initial  radiation  and  to  a  permissible  effective  dose  of  50  R  .  For 
many  cases,  particularly  where  the  level  of  initial  radiation  is  high,  the 
additional  effective  dose  within  the  shelter  due  to  residual  radiation  is 
negligible.  However,  this  effect  is  checked  by  assuming  a  one-hour  reference 
dose  rate  of  10,  000  R/hr  and  a  two- week  shelter  stay.  The  shelter  is  analyzed 
as  a  plane  shield  exposed  to  radiation,  and  required  shielding  is  expressed  as 
equivalent  feet  of  earth  cover,  A  minimum  cover  of  3'-6"  of  earth  over  the 
structure  is  arbitrarily  specified  for  all  designs. 

Table  4-2,  prepared  from  data  in  References  3,  4,  6  and  49,  lists 
design  radiation  levels  for  various  weapon  yields  at  selected  overpressure 
levels,  These  data  are  plotted  on  Figure  4-1,  with  equivalent  depth  of  cover 
as  an  ordinate..  Design  equations  A  and  B  ,  as  shown  in  Figure  4-1,  are 
empirical  approximations  to  the  plotted  data. 

Equation  A  is  of  the  form, 

d  -  3.5  +  0,  029  ( p  -10)  (4.23.1a) 

e  rso 
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where 


Aj  =  gross  plan  area  of  the  shelter  (net  floor  area  plus  cross- 
sectional  area  of  the  walls)  or  the  required  working  area 
at  the  base  of  a  sphere  or  cylinder. 

A 2  =  area  of  excavation  at  ground  level 

z  =  depth  of  excavation 

No  allowance  for  shrinkage  or  swell  is  taken  in  determing  back  fill 
and  haul  requirements. 

4.  3  Cubicle 
4.  31  Introduction 

The  cubicle  is  extremely  versatile  in  configuration  and,  since  it 
employs  conventional  construction  techniques,  is  perhaps  the  best  understood 
of  the  configurations  discussed  in  this  study.  A  number  of  structural  schemes 
are  possible  in  the  lower  pressure  ranges,  and  these  are  discussed  in  detail 
in  Section  4.  33  and  4.  34.  The  paramount  advantage  of  the  cubicle,  as  compared 
with  the  shell  configuration,  is  its  relatively  shallow  burial  requirement. 

4.  32  Layout  Studies 

The  layout  dimensions  used  in  this  study  are  based  on  a  recent  study 
of  optimum  bunking  ar rangementsl^^  The  shelter  layouts  utilize  two  primary 
bunking  schemes,  A  and  B,  and  two  combinations,  BA  and  BAA.  These  are 
shown  in  Table  4-3, where  pertinent  data  are  supplied  regarding  the  four  layout 
designs.  The  introduction  of  interior  partitions  into  the  shelter  makes  possible 
the  further  coupling  of  the  layouts  shown  in  this  table. 

4.  33  Design  Alternatives 
(a)  Monolithic 

One  and  two-way  slabs  are  poured  monolithically  with  their 
supporting  walls.  The  advantages  of  this  method  are  found  in  the  simplicity 
of  form  work  and  the  elimination  of  the  "cumulative"  effect  inherent  in  all 
framing  systems,  whereby  an  applied  load  is  successively  transferred  from 
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one  class  of  member  to  another.  The  disadvantages  stem  from  the  difficulty 
in  providing  easy  access  to  all  parts  of  the  shelter.  It  is  apparent  that  the 
optimum  design  of  slabs  is  of  prime  importance  in  the  economical  design 
of  monolithic  structures. 

(b)  Flat  Slab 

This  alternative  is  simply  a  modification  of  the  monolithic  design 
and  makes  possible  the  elimination  of  interior  bearing  walls  without  the 
introduction  of  overhead  beams. 

(c)  Reinforced  Concrete  Framing  Systems 

Concrete  beam  and  column  systems  can  be  employed,  at  least  in 
the  lower  overpressure  ranges.  The  advantage  is  that  relatively  Inexpensive 
reinforced  concrete  masonry  units  can  be  used  as  walls  between  columns, 
thus  eliminating  expensive  concrete  bearing  walls,  The  disadvantage  arisee 
from  the  relatively  massive  columns  and  beams  which  become  necessary, 
since  the  beam  and  column  must  support  the  entire  load  on  the  effective  epan 
of  the  slab  between  supporting  frames. 

(d)  Structural  Steel  Framing  Systems 

The  advantages  and  disadvantages  of  reinforced  concrete  frames 
apply  with  equal  force  to  steel  framing  systemB. 

(e)  Timber  Frame 

Structural  timber  can  be  used  in  cubicle  design  but,because  of  low 
flexural  limitations,  its  use  would  be  limited  to  short  spans  and  low  over¬ 
pressures  . 

(f )  Foundations 

Foundations  are  frequently  of  the  raft  variety,  where  a  ground  slab 
is  designed  to  provide  the  same  structural  resistance  as  the  roof  slab. 
Alternatively,  for  favorable  combinations  of  load  and  soil  strength,  a  continuous 
or  column  footing  may  be  found  less  costly.  In  either  case,  the  choice  is 
dictated  by  length  of  span  and  magnitude  of  overpressure.  For  the  typical 
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soil  considered  in  this  study  ( <t  =  15°,  c  =  2000  Ib/'sq  ft),  footing  foundations 
are  economical  for  clear  spans  greater  than  12  feet  and  for  overpressures 
less  than  75  psi.  For  other  cases,  still  considering  this  same  soil,  the 
ground  slab  or  raft  foundation  is  found  to  be  preferable. 

4.34  Sample  Analysis  and  Cost  Evaluation 

In  this  section,  sample  designs  from  the  five  design,  alternatives 
listed  in  Section  4.  33  are  presented.  These  illustrate  the  design  and  cost 
procedures  used  in  the  study.  It  is  suggested  that  these  sample  designs 
might  also  form  the  basis  for  analysis  and  cost  development  for  actual  shelter 
designs,  The  particular  design  and  material  parameters  used  in  the  trial 
design  are  based  on  the  detailed  analysis  and  costs  criteria  developed  in 
Chapter  3  for  specific  structural  elements. 

TRIAL  DESIGN  4.  34  A 

CONFIGURATION: 

One  story  cubicle  (see  Figure  4-2) 

STRUCTURAL  SYSTEM: 

Monolithic  one-way  slab  -  style  A  -  single  with  one  interior 
partition,  (see  Table  4-3) 

DESIGN  PARAMETERS: 

q  =  10  psi  equivalent  pressure  including  weight  of  slab  and  of 

earth  cover 

L  =  7.  0  ft  clear  span 

(a)  Roof  Slab  Design 

From  Table  3-15,  for  L  =  7.  0  ft  and  q  =  10  psi,  the  minimum- 
cost  structural  parameters  for  the  overhead  one-way  slab  with  fixed-end  sup¬ 
port  are, 

=  75,  000  psi 

f'  =  3,  600  psi 

c 

=  0.  40  percent 
4  =0 

v 

D  =4.5  in. 
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It  will  be  recalled  that  Table  3-15  includes  the  assumption  that 
d  =  0.9  D.  This  approximation  is  reasonably  correct  for  slabs  of  inter¬ 
mediate  depth,  but  is  somewhat  in  error  for  very  thin  or  very  deep  slabs. 
Table  4-1  lists  recommended  minimum  concrete  covers  for  reinforced  con¬ 
crete  members.  While  slab  costs  from  Table  3-15  are  used  in  the  following 
design  examples,  more  exact  cost  studies  would  involve  a  minor  cost  adjust¬ 
ment  for  cases  where  the  d  =  0.  9  D  assumption  is  not  acceptable. 

Check  roof  slab  for  "pure"  shear,  recalling  that  Table  3-15  incorporates 
the  assumption  that  d  =  0.  9  D, 

Ultimate  Shear  Capacity 

V  =0.22  bd  f1  (3.  33.  6) 

u  c  '  ' 

Vu  =  0.  22  x  1 . 00  x  0.  9  x  4.  5  x  3600  =  3210  lb/in.  width. 

Maximum  Shear  on  Slab 


V  =  6  qL  lb/in.width  (3.35,16b) 

V  =  6  x  10  x  7.  0  =  420  <  3210 

Only  in  rare  instances  wili  "pure"  shear  be  a  controlling  factor, 
because  of  the  high  concrete  strengths  associated  with  economical  slab  design. 

(b)  Roof  Slab  Co3t  Factor 

From  Table  3-15 

Ct  =  1 .  66  $  /sq  ft 

( c )  Eccentrically- Loaded  Side  Wall  Design 

The  bearing  wall  receives  thrust  and  moment  from  the  one¬ 
way  slab.  (See  Section  3.  35  for  analysis.  ) 

For  use  in  Tables  3-41  to  3-44,  inclusive,  assume  =  2500  psi,  based  on 
recommendations  of  Section  3.35 


4-14 


dc 


10 


=  0.004 

)  I  f  d 
rw  i 


TJ- 

dc  , 


The  minimum  wall  dimension,  D  =  6  inland  the  minimum  per¬ 
centage  of  reinforcement,  =  0.50,  will  almost  certainly  control  design 
because  of  the  short  length  of  span  (see  Sections  3.  35  and  4.  22).  For 

0..9  x  6.  0 

- rj -  =  0.  77,  it  is  apparent  from 


p—  =  0.  004  and  -- 
1  dc 


wall 


slab 


Tables  3r41  to  3-44,  inclusive,  that  q^  (wall)  =  0.070  is  adequate  for  all 
values  of  .  The  minimum  permissible  value  of  ,  applying  Section  4,  22 
limitations,  and  recognizing  that,  for  the  wall  sections  considered, 


P xdy  *dy 

qd =  =  nnrrj 

dc  dc 


rf'  f. 

t  dy 


^t  fdy 


We  obtain,  by  applying  the  <{>  0.  50  limitation  of  Section  4.22  the  following 

t  ^ 

expression  for  the  minimum  permissible  value  of  (wall)  . 


0.50  44,000  „  „.n  „  ,  A  c, 

j-gg —  x  ? -  =  0.049.  Use  -  0.56  percent, 


f^  =  44,  000  psi,  f'^c  =  2500  psi,  D  =  6  in. 


(d)  Eccentrically- Loaded  Side  Wall  Cost  Factor 


Concrete 


Cc  "  IT"  I  Xc 


(3.  35,  33a) 


x  1.025  =  0.51  $/sq  ft 


(Xc  from  Table  2.  8) 


Main  Steel 


d 

7 T 


IW 


X 


(3.  35.  34c) 
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c  = 

9  x  6.  0 

V 

0.  0056  x  78. 8  =  0. 

20  $  /sq  ft  {X 

from  Table 

s 

12 

A 

Temperature  Steel 

Cst  = 

D  1 

~TZ  \ 

['«  |  x 
rw  j  Xs 

(3.  35.  35) 

C  =  ‘ 

St 

.  00 

T T~ 

-  x  0.001 

X  78.  8 

=  0.  04  $/sq  ft 

Forms 

Cf  = 

=  Xf 

(3.  35.  36) 

O 

o 

II 

o 

$/eq  ft 

(X^  from  Table  2-9) 

Summary 

c 

G 

0.51 

c 

s 

0.20 

Cst  = 

0.  04 

Cf  - 

1.  00 

Ct  = 

1.  75  $/sq  ft 

(e)  End  Wall  Design 

End  walls  can  be  designed  either  to  resist  an  axial  com¬ 
pressive  load  per  foot,  taken  as  some  fraction  of  the  compressive  load  on  the 
side  walls;  or  as  a  flexural  member,  fixed  at  the  roof  slab  and  at  the  found¬ 
ation,  which  must  resist  the  lateral  component  of  the  surface  overpressure. 

This  lateral  component,  which  is  normally  assumed  to  vary  between  zero  and 

11  31 

the  full  value  of  the  overpressure/  ’  will  be  taken  in  this  study  as  0,  5 
times  the  equivalent  loading  on  the  roof  slab.  However,  the  choice  of  analy¬ 
tical  approaches  is  irrelevant  in  tKs  particular  instance,  since  the  minimum 
dimension  requirement  of  6"  for  poured  walls  governs  design.  Where  massive 

and  rigid  side  walls  or  columns  are  employed,  some  reliance  could  also  be 

(48  49) 

given  to  arching  theory'  ’  ’  in  computing  wall  resistance  to  lateral  loading. 

See  Trial  Design  4.  34B  for  a  detailed  end  wall  design.  For  this  problem, 
use  same  design,  for  end  walls  as  for  side  walls. 
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(f)  End  Wall  Cost  Factor 

The  cost  factor  for  the  end  wall  is  identical  with  that  for  the  side 


wall. 


Ct  =  1.75  $/sq  ft 

(g)  Interior  Wall  Design 

The  interior  wall  is  designed  to  resist  axial  compression  only. 

The  concrete  access  arch  is  assumed  to  equal  the  cost/sq  ft  of  the  RCMU 
wall  it  replaces . 

P  =  (12L  +  D)  q 

Try  minimum  wall  size  of  D  s  4.  00  in.  (see  Section  4.  22) 

P  =£(12  x  7.0)  +  4.  OOjx  10  =  880  lb  per  lineal  inch  of  wall 
Capacity  of  4"  RCMU  =  4  x  1000  =  4000  lb  per  lineal  inch  of  wall. 

(Note  that  the  term  f1^  ,  when  used  to  indicate  ultimate  dynamic  strength  of 

reinforced  masonry  units,  is  used  without  the  0,  85  reduction  factor  which  is 
applied  to  axially- loaded,  short  reinforced  concrete  columns  ,  Thus,  f1  .  1.  000  pyi 

is  applied  to  the  entire  load-bearing  area  of  a  reinforced  masonry  unit.  ) 

Use  4"  RCMU. 

(h)  Interior  Wall  Cost  Factor 


C„  -  1.01  $/sq  ft  (X  from  Table  2-10) 

t  1  cm 

(i)  Foundation  Design 

Alternatives  are  the  use  of  a  raft  foundation,  or  of  continuous  wall 
footings  with  a  minimum  ground  slab,  Both  will  be  investigated. 

(1)  Raft  Foundation.  Design  is  identical  with  that 
of  the  roof  slab,  D  =  4.  5  in. 

(2)  Continuous  Footings.  (See  Section  3.39  for  the 
analysis  of  continuous  footings  which  support  bearing 
walls.  Note  that  the  basic  analysis  assumes  that  there 
is  no  moment  transfer  from  the  wall  to  the  footings.  ) 

For  exterior  walls, 


P  =  72  q  L 

P  ~  72  x10x7  =  5040  lb/lineal  foot  of  wall. 
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Entering  Table  3-59  with  =  15  ,  c  =  2000  Ib/sq  ft,  and  q  =  10  psi, 
it  is  apparent  that  the  minimum  footing  dimension  as  described  in  Section  4.  22 
will  govern. 

L,  ,  .  =2.0  ft 

footing 

hence  ■£  =  =  2520  lb/ft/ft. 


J-J -  .  .  Cj  1  t 

footing 

From  Table  3-60,  for  P/L  =  2520  and  D/L,  =  3,  with  f'  assumed 

c 


at  2000  psi,  linear  extrapolation  yields 


footing 


"'footing 


0.  417 


hence  d=0.  41 7x2. 0=0. 83  in. 

Minimum  dimension  from  Section  4.  22  applies. 
Use  D  =  8  in.,  d  =  6  in. 


The  required  percentage  of  main  reinforcing  steel,  6 can  be 
obtained  from  Table  3-61  or  Equation  3.  39.  6b.  It  is  obvious  that  this  per¬ 
centage  will  be  small,  hence  an  unreinforced  footing  will  probably  be  adequate 
if  some  nominal  tensile  strength  is  assigned  to  the  uncracked  concrete.  Taking 
the  tensile  otrength  of  plain  concrete  as  0.10  f1  ,  which  is  considered  to  be 
acceptable  for  this  application,  the  plain  concrete  footing  is  found  to  be 
adequate.  This  same  footing  design,  since  it  is  a  minimum  standard,  is  used 
for  both  side  and  end  walls. 

For  interior  walls, 

P  =  72  x  10  x7x2  =  10,  080  lb/lineal  foot  of  wall. 

Again,  checking  by  use  of  Table  3-59,  minimum  dimensions  govern. 
The  required  percentage  of  reinforcing  steel  can  be  computed  from  Equation 
3.  39.  1  b.  for  P  =  10,  080  lb/ft,  dfooting  =  6  in, and  Lfooting  =  2. 0  ft. 

^  _  P  /  0.  09653  \  l2L  Dwall] 

C  ^  \  ^dy  J  ^footing  J 
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10,  080 

1  0.09653  \ 

’  84  -  6  ' 

2 

60, 000 

6 

1  . 37  percent 


For  ground  slab, 

A  3-in.concrete  ground  slab  with  mesh  reinforcement  (Ag  =  0,1  b  D 
in  each  direction)  will  be  assumed.  This  is  a  non- structural  slab,  and  is  not 
intended  to  resist  blast  loading.  The  mesh  reinfor cement  is  intended  to  control 
fragmentation  of  the  slab.  Since  strength  is  secondary,  use  f'  =  2000  psi, 

(j)  Foundation  Co3t  Factors 

(1)  Raft  Foundation.  The  in-place  composite  cost  for  the  roof  slab 
was  found  to  be  1.  66  $/sq  ft.  Since  the  same  design  was  assumed  to  be 
appropriate  for  the  raft  foundation  {although  it  may  not  still  be  the  least-cost 
design,  since  a  somewhat  different  cost  equation  should  be  considered  for  the 
ground  slab),  it  is  simplest  to  identify  the  cost  differences  between  the  ground 
slab  and  the  overhead  slab.  It  is  assumed  that  there  is  no  form  cost  increase 
for  the  raft  foundation  due  to  depth. 

Decrease  in  forming  c  osts  (see  Equations  3.33.  30e  and  3.33.  30f 
and  Table  2-9) 


A  C,  =  k',  -  X,  =  X,  +  0.012D-X, 
f  f  f  fl  f2 

ACf  =  0.88  +  (0.012  x  4.5)  -  0.60  =  0.33  $/sq  ft. 

for  raft  =  1.66  -  0.33  =  1.33  $/sq  ft. 

(2)  Continuous  Footings 
Exterior  and  interior  wall  footings 


Concrete 


Main  Steel 


C  = 
c 


D 

tz 


X 


c  = 


8.0 


-y-j-  x  0.95  =  0.63  $/sqft 


C  '=  jj 
s  1 2 


y t 

100" 


X 


(3.39.9) 


C  =  -°i2JL±JL_  x  0.0137  x  78.8  =  0.36  $/sq  ft 
s  1 2 


Temperature  Steel 


st 


J3 

12 


K5o 


x 


s 


(3.  39,  1 1  ) 
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C  =  x  0.  001  x  78.8  =  0.05  $/sq  ft. 

Forms 

Cf  -  0,  75  $/sq  ft. 

Summary  for  footings  =  0.  63 

C  =  0.36 
s 

c  =:  o .  os :- 

St: 

cf  =  0'75 
C  =  1.  79  $/sq  ft. 


(3.  39.  12) 


Cf  =  0.  60  $/sq  ft 
Summary  for  floor  slab 

C  =  0.27 
c 

C  =  0,04 
s 


Side  and  end  wall  extensions 

It  is  assumed  that  the  tops  of  all  footings  will  be  located  one  foot 
below  the  top  of  the  floor  slab.  Thus,  if  a  continuous -footing  foundation  is 
used,  the  side  and  end  walls  must  be  extended  one  additional  foot  in  depth. 
The  cost  factors  for  these  foundation  walls  are  the  same  as  derived  earlier. 
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Side  wall  C  =  1.75  $/sq  ft 

End  wall  -  1.71  $/sq  ft 

Interior  wall  =  1.01  $/sq  ft 

Footing  excavation 

The  additional  cost  of  excavating  for  footings  must  enter  into  a 
cost  comparison  between  a  raft  foundation  and  continuous  footings.  Assume 
that  foundation  wall  extensions  and  the  continuous  footings  require  the  excavation 
of  a  3-ft  width  trench  extending  down  to  the  bottom  of  the  footing.  (Conceivably, 
in  firm  soil,  a  2-ft  width  of  unsupported  trench  could  form  the  side  forms  for 
the  footing.  However,  this  possible  refinement  will  not  be  included  in  the 
analysis). 

For  estimating  purposes,  take 

depth  of  footing  trench  =  1 .  57  ft 
width  of  footing  trench  a  3, 0  ft 

volume  of  trench  excavation  =  5,0  cu  ft  per  lineal 
ft  of  trench 

Assuming  a  unit  cost  of  0.10  $/cu  ft  for  trench  excavation,  the  cost 
factor  per  lineal  foot  of  trench  is 

C  =  5.0x0.10  =  0.50  $/lineal  ft 

(3)  Cost  Comparison  For  Foundation  Alternatives 

Raft  foundation.  Required  dimensions  (see  Figure  4-2) 

are  60.  0  ft  x  15.  5  ft. 

Cf  =  60,0  x  15.5  x  1.33  =  $1237 


Footings 


Continuous  footing  system 

length  =  (3  x  59.  0)  +  (2x15.5)  = 
area  =  2.  0  x  208  =  41  6  sq  ft 
C  =  416  x  1.  79  =  $745 


Side  wail  extensions 


208  lineal  ft 


length  =  2  x  60. 0  =  120  lineal  ft 
area  =  1  x  120  =  120  sq  ft 
C  =  120  x  1  .  75  =  $210 
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End  wall  extensions 


length  =  2x15,5=  31.0  lineal  ft 
area  =  1  x31.0  =  31.0  sqft 
C  =  31.0  x  1.  71  =  $53 

Interior  wall  extension 

length  =  59.0  lineal  ft 
area  =  1  x  59.0  =  59.0  sqft 
C  =  59.0  x  1. 01  =  $60 

Floor  slab 

Required  dimensions  are  59,  0  x  14,  1  ft 
C  =  59. 0  x  14.  1x0.91=  $  757 

Footing  excavation 

length  =  2(60  +  15,  5)  +  59.0  =  210  lineal  ft 
C  =  210  x  0.  50  =  $105 

Summary 

£  C  =  $1930 

Use  raft  foundation. 

(k)  Required  Excavation 

1)  Minimum  cover  h  =  3.5  ft 

2)  Cover  required  for  full  burial  h  =  0.0ft 

3)  Radiation  burial  requirement 

dg  -  3,  5  t  0. 020q  (4,21.1b) 

d  =  3,  5  +  (0.  020  x  10)  =  3.  70  ft 
e 

For  shielding,  1.0  ft  of  concrete  r-j  1 .  5  ft  of  earth 

3.70  -  (1.  5  x  D/12)  =  3.70  -(1.5  x  4.  50/12)  =  3.  1  4  ft 
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Following  the  criteria  presented  in  Section  4.24, 


Volume  =  —  (Aj  +  A^) 


(4.  24.  1) 


Volume  - 


12.  25 


(60.0  x  15. 5)  +  (84. 5  x  40.0) 


26,  400  cu  ft 


Note:  The  length  and  width  of  A 2  are  related  to  the  dimensions  of  by 
adding  the  quantity  2  z  to  both  dimensions. 

Cubicle  Gross  Volume  =  15.5  x  60.0  x  ["  8. 0  +[^'  ^  5 


12 


=  8140  cu  ft. 


(1)  Entrance  Way 

Entrance  way  costs  for  the  cubicle  are  found  in  Table  4-4. 


CT  =  $2750 


(m)  Total  Cost 

Roof  Slab 

1 . 66  x  15.  5  x  60.  0  = 

1544 

Foundation 

(see  section  k  of  this  design) 

1237 

Side  Wall 

1.75  x  59.0  x  8.0  x  2  = 

1650 

End  Wall 

1.75  x  15.5  x  8.0  x  2  a 

435 

Interior  Wall 

1.01  x  59.0  x  8.0  = 

477 

Excavation 

0.036  x  26,  400  a 

950 

Back  Fill 

0.  033  x  (26,  400  -  8140) 

603 

Haul 

0.026  x  8140  = 

212 

Entrance  Way 

Total 

2750 

$9858 

(n)  Cubicle  Net  Floor  Area 


Net  area  =  (14.  5  x  59. 0)  -  (59  x  0. 33)  =  835  sq  ft 
(o)  Cubicle  Net  Volume 

Net  volume  =  835  x  8.0  =  6680  cu  ft 
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Table  4-4 

COST  FACTORS  FOR  SHELTER  ENTRANCE  WAY 


Type  of 
Shelter 


Equivalent  A^1* 

Prettura (pel)  H/Un  It) 


»<2‘ 

(*/lln  ft) 


Entrance  Way 
Length  (ft.) 


Total*  ' 
Co.tHI 


One  Story  Cubicle  10  40 

25  40 

50  4b 

75  51 

100  5  6 

ISO  67 

200  78 

250  83 

325  89 


10 
10 
1  I 
1  2 
12 
I  3 
1  3 

14 

15 


49 

*9 

49 

50 

51 

52 

53 
64 
55 


2750 

2750 

3090 

3450 

3765 

4460 

5120 

5540 

6020 


One  Story  Cylinder  25  40 

60  4b 

75  51 

100  36 

1 50  67 

200  78 

230  8  3 

325  89 


15 

15 

lb 

17 

18 

19 

20 
21 


51 

51 

52 

53 

54 

55 
5b 
57 


3100 

3410 

3780 

4110 

4890 

4610 

6070 

6370 


Two  Story  Cylinder  25  40 

60  46 

75  51 

100  3b 

150  67 

200  78 

250  83 

325  «9 


13 

15 

16 

17 

18 

19 

20 
21 


50 

50 

51 

52 

53 
34 
53 
36 


3030 
3  360 
3730 
4030 
4820 
5530 
3990 
6480 


One  Slory  Arch  15  40 

23  40 

50  46 

75  51 

100  56 

1  50  67 


1  I  50  2830 

I  1  50  2850 

II  30  31 50 

1  2  51  3510 

1 3  32  3890 

14  33  4390 


Three  Story  Sphere  25  40 

50  46 

75  51 

100  56 

150  67 

200  78 

230  83 

325  89 


17 

17 

IS 

19 

20 
21 
22 
23 


51 

51 

32 

33 

34 

55 

56 
37 


3200 
3510 
3820 
4280 
5000 
5740 
St  80 
6690 


One  Slory  Dome 


25 

50 

75 

100 

150 


40 

46 

51 

56 

67 


25 

25 

26 

27 

28 


4  303 
4  700 
5150 
5620 
6470 


Two  Story  Dome 


25 

30 

75 

100 

150 


40 

46 

(I 

56 

67 


16 

16 

17 


18 

19 


31  00 
3400 
3770 
4130 
4  860 


Note:  (1)  Column  A  Structural  Colt  Factor  lor  Entrance  Way 
(2)  Column  B  Eaeavatlon  Colt  Factor  for  Entrance  Way 
(I)  Total  Coil  Include*  1300.00  per  Entrance  Way  for  Stair  Cotie 
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TRIAL  DESIGN  4.  34B 

CONFIGURATION: 

One  story  cubicle  (see  Figure  4-3), 

STRUCTURAL  SYSTEM: 

Monolithic,  one-way  slab- style  A-double  with  one  interior 
partition.  (See  Table  4-3) 

DESIGN  PARAMETERS: 

q  =  2  5  psi  equivalent  pressure,  including  weight  of  slab  and  earth 

cover 

L  =  14,0  ft  clear  span 

i a)  Roof  Slab  Design 

From  Table  3-15,  for  L-=  14.0  ft  and  q  =  25  psi,  the  miniraum-cott 
structural  parameters  for  the  overhead  one-way  slab  with  fixed- end  support 
are. 

fdy  =  75,  000  psi 

f'  ■  4100  psi 
c  r 

d>c  =1.39  percent 
(4v  =0.50  percent 
D  a  7. 6  in. 

Check  section  for  "pure"  shear.  Ultimate  shear  capacity  of  gross  section  is 

V  =  0.22  b  df 

u  c 

V  =  0.22x1.0x0.9x7.6x4100  =  6170  lb /in  width 
u 

Maximum  shear  in  slab,  which  is  assumed  to  occur  at  the  supports,  is 

V  =  6  q  L 

V  =  6  x  25  x  14  =  2100  lb/in  width 

2100  ■<  6170  Section  is  adequate. 

(b)  Roof  Slab  Cost  Factor 

From  Table  3-15 

Cfc  =  $3. 09/sq  ft 
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( u )  Eccentrically- Loaded  Side  Wall  Design 

Following  the  guide  lines  presented  in  Section  3.35(4),  take 
£'dc  =  2500  psi,  f  =  60,  000  psi,  From  Section  4.22,  the  minimum  permis¬ 
sible  value  of  ^  is  0.  50  and  the  minimum  permissible  value  of  D  is  6  in. 

The  question  of  whether  or  not  these  minimum  values  correspond  with  mini¬ 
mum  wall  cost  must  be  explored  by  analyzing  trial  solutions  for  the  wall. 

Required  for  use  with  Table  3-41  to  3-44,  inclusive 


qd  (wall)  = 


dc 

i6< 


200 


_  25 

"  T5TRT 


JiL 


=  0.010 


=  0.12  for  fd  =  60,  000  psi  and 


dc 


dy 

f1  ,  =  2500  psi 

dc  r 


The  minimum  permissible  wall  reinforcement  from  Section  4-22,  is 
'  f*.  50  percent.  For  d  =  0.  9D,  =  0.9  <i>' Substituting,  we  obtain 

qd -  0.  067  as  a  minimum  requirement  for  main  reinforcing  steel  in  the  wall. 

d 

Also,  again  applying  Section  4-22,  we  can  state  that  — — —  must  be  at  least 

Slab 

equal  to—  v  0,43.Using  Table  3-43,  designs  for  the  wall  which  satisfy  the 
14 

requirement yj —  =  0.01  for  f^  =  60,  000  psi  and  fldc  =  2500  psi  will  include 
the  following, 


1)  qd  =  0.180 


wall 


L 


0.  75 


slab 


hence 


hence 


D  = 


2)  qd  =  0.  100 


4'  =  1 . 50  percent 

d  =  0.  75  x  1  4  =  10,  5  in. 
d  10.  5 


G~9  '  S7T 


11.75  in. 
d/L  =1.00 


0't  =  0.835  percent 

d  =  1.00  x  14  =  14.0  in. 
1  4 


D  - 


0,9 


15.  5  in , 
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d/L  =1.25 


3)  q  =  0. 067 
a 


hence 


=  0.  55  percent 


d  =  1.25  x  14  =  17. 5  in. 
17.  5 


D  = 


0.  9 


19.  5  in. 


(d)  Eccentrically- Loaded  Side  Wall  Cost  Factor 

The  design  alternatives  just  described  can.  be  compared  on  the  basis 
of  in-place  costs , 


Trial  No.  1 


Concrete 


Main  Steel 


C-  =1  T7>  x 


(Recall  £'  =  1,25  f1  ) 

dc  c' 


Cc  =  1  11,275  x  1.00  =  0.98  $/ sq  ft 


cs =  nr 


1W 


Temperature  Steel 


10.5  1.50 

IX 


C_  =  x  78.9  =  1.04  $/sq  ft 


Cst  =  TZ 


te 

Iffo 


nrcr 

\ 


St 


Hfp-  x  78. 8  =  0.08  $/sq  ft 


Forms 


Cf=  Xf 


Cf  =  1.00  $/sq  ft 
Summary  for  Trial  No,  1 


C  =0.98 
c 

C  =1.04 
s 

C  =  0.08 
st 

C  =  1 • 00 


C  =  3.10  $/ sq  ft 


Trial  No.  2 


Concrete 


15.5 

C  =  — — —  x  1  .  00  =  1 . 29  $/sq  ft 
c  1  c 
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Main  Steel 


x  x  78.8  =  0.77  $/sq  ft 


n  -  14'° 

S  “  T2 


Temperature  Steel  Cg(.  =  1  8  x-y^y-  x  =  10  $/sq  ft 


Forms 


Cf  =  1. 00  $/sq  ft 


Summary  for  Trial  No,  2 


Trial  No.  3 

Concrete 

Main  Steel 
Temperature  Steel 


C  =1.29 
c 

C  =0.77 
a 

Cst  ~  010 
Cf  =  1 . 00 


Ct  =  3.16  $/sq  ft 


Cc  =  x  1.00  =  1.63  $/sqft 

Cs  =  x  yjjy  x  78.  8  =  0.  63  $/sq  ft 

cst  =  1uL-  x2TMx78'8=  °'13  $/Bqft 


Forms  =  1.D0  $/sq  ft 

Summary  for  Trial  No.  3 

C  =1.63 
c 

C8=  0.63 

Cst  =  °-13 

Cf  =  1. 00 

Ct  =  3.39  $/sq  ft 

It  is  apparent  that,  of  the  three  trial  solutions,  the  one  based  on  the 

near-minimum  value  for  total  wall  thickness,  D,  results  in  the  least  in-place 

cost  for  the  wall.  This  economic  advantage  would  be  enhanced  if  excavation 

costs  were  included  in  the  cost  comparisons.  There  still  remains  a  question 

as  to  whether  or  not  other  values  of  f,  and  f!  would  result  in  lower  wall 

dy  c 
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costs.  However,  an  examination  of  Tables  3-41  to  3-44,  inclusive,  indicates 

dwall 

that  q,  (wall)  is  essentially  constant,  within  the  -* -  range  of  primary 

d  slab 

interest,  for  given  values  of  d/L  and  ^ —  .  We  can  then  state,  as  an  approxi¬ 
mation, 

qd  (wall)  oc  ■£-  ,  for  fixed  ^ —  and  all  f^  r 
"  dc  ' 

?5'  fj  A  f  , 

.  t  dv  s  dv  , 

since  q^  =  p  '  =  -g —  jt2-  ,  we  can  also  write 

dc  dc 

As  ^dy  d^  ,  for  fixed  -j3 —  and  all  f , 

tt - -r-  '  TT7  dv 


The  cost  of  the  reinforcing  steel  is  directly  proportional  to  Ag  f^ 
and,  for  the  in-place  costs  of  reinforcing  steel  listed  in  Table  2-7, 

=  60,  000  psi  is  an  optimum  choice.  A  limited  number  of  trial  solutions 
have  suggested  that  =  60,  000  psi  and  f'^  =  2500  psi  (f1^  =  2000  psi)  are 
associated  with  minimum  costs.  This  general  relationship,  conceivably, 
could  be  altered  by  the  minimum  requirements  for  ^  and  D. 


D  =  12  in.,  Ct  =  3.  10  $/sq  ft 


(e)  End  Wall  Design 

Assume  that  the  lateral  component  of  overpressure  on  the  wall  is 
one-half  that  acting  on  the  roof.  Design  the  end  walls  as  beams  spanning 
between  the  roof  and  the  floor  slab  or  foundation.  Two  cases  must  therefore 
be  considered. 

(1)  Raft  Foundation.  End  wall  can  be  represented  as  a  one-way 

reinforced  concrete  beam  whose  clear  span  length  is  L  =  H  =  8.0  ft  and 

q  25 

whose  unit  uniform  loading  is  -g~=  =  12.5  psi.  Consider  the  beam  as 

fully-restrained  at  the  floor  and  roof  slabs.  Table  3-15,  which  supplies 
structural  parameters  and  in-place  cost  data  for  minimum-cost  one-way 
reinforced  concrete  slabs,  does  not  include  q  =  12,5  psi  and  L  =  8,  0  ft.  How¬ 
ever,  for  q  =  10  psi  and  L  equal  to  either  7.0  ft  or  10,5  ft,  the  applicable 
structural  parameters  for  the  minimum  cost  slabs  are 


75, 000  psi 


fdy  =  75,  000  psi 
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1000  X  12.  5  X  64 
0.  49  x  75,  000 


=  4.  7  in. 


Use  D  =  6.  0  in. ,  d  =  4,  7  in.  and  <t> ^  =  0.49  percent 

(2)  Continuous  Footings  and  Ground  Slab,  For  this  case,  assuming 
that  the  top  of  the  footing  is  placed  l'-0"  below  the  top  of  the  ground  slab, 
the  end  wall  must  span  a  clear  distance  of  9 1  - 0 "  between  the  roof  slab  and 
the  continuous  footing.  It  is  reasonable  to  assume  that  the  end  wall,  which 
will  be  designed  as  a  one-way  reinforced  concrete  slab,  is  hinged  at  the  footing 
level  and  fully  restrained  at  the  roof  level. 

Table  3-15,  which  supplies  minimum- cost  data  for  fixed-end  overhead 
slabs,  is  of  little  assistance  in  determining  minimum- cost  structural  para¬ 
meters  for  end  walls  which  have  one  end  fixed  and  one  end  fully  restrained. 
Since  diagonal  tension  adjacent  to  the  hinged  end  may  constitute  the  controlling 
design  condition,  it  should  be  advantageous  to  use  a  high  value  for  f1^.  We 
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will  assume,  without  further  investigation,  that  the  minimum-cost  structural 
parameters  for  this  design  situation  can  also  be  represented  by, 

f^  =  75,  000  psi 

f  =  4500  psi 
c  ^ 

</>  =  0.0 

v 


From  Table  3- 1 4,  for  q  =  12,  5  psi  and  L=  9.0  ft,  we  obtain  the 
following  for  9  '  =  0 . 25, 

,  f'c  4500  .  ,, 

=1T  =  lYUQ  =  0,25  percent 

=  4050 


(from  3.  33.  15) 


=  8.  5  in. 


Use  D  a  10.0  in. ,  d  =  8.  5  in.  and  =  0.  25  percent 

(f)  End  Wall  Cost  Factor 

Both  design  alternatives  will  be  examined. 

(1)  Raft  Foundation  Alternatives 


Concrete 


Main  Steel 


D 

17 


Cc  =  yj  x  1 .  25  =  0 .  63  $/sq  ft 


(3.33.30a) 


X  d 

8  C 


TIUIT 


[" 
[,33^ 

Temperature  Steel 


33  > 

c 


278  75,  000 

8  *  “ ?B00 


c  -  D 

0) 

-M 

st  '  T2 

V  TOT. 

„  6 

0.  1 

Cst  '  12 

XTM  : 

(3. 33. 30b) 
=  0.  32  $/sq  ft 

(3.35,35) 
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F or  ms 


Forms  Cf  =  l,00$/sq£t 

Summary 

C  =1,04 
c 

C  =  0.28 

g 

C  =  0.07 
st 

Cf  =  1 ■ oo 

-  2 , 39  $/sq  ft 

C  =  2  x  30. 67  x  9.  0  x  2. 39  =  $1  319 
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The  final  decision  between  the  two  types  of  end  walls  will  involve 
an  economic  comparison  between  the  foundation  alternatives,  giving  recog¬ 
nition  to  the  costs  derived  for  the  end  walls, 
jg)  Interior  Wall  Design 

P  =  (12L  +  D)  q 

Assume  6  in.  interior  wall. 

P  =  £(12  *14.0)  +  6.  oj  25  =  4350  lb/lineal  in.  of  wall 
Use  6  in.  RCMU  (allowable  =  6000  lb/lineal  in.  of  wall). 

(h)  Interior  Wall  Cost  Factor 
For  6  in.  RCMU 

C  =  X 
t  cm 

Ct  =  1.10  $/sq  ft 


(i)  Foundation  Design 

Both  ground  slab  and  continuous  footings  are  investigated, using  a 
similar  procedure  to  that  described  for  Design  Problem  4-34  A  . 

(1)  Raft  Foundation.  Design  is  identical  with  that  of  the  roof  slab. 

Use  D  =  7.  6  in. 

(2)  Continuous  Footings  and  Ground  Slab.  See  Section  3. 39  for 
analysis  and  outline. 

For  eccentrically-loaded  side  walls, 

P  =  72  q  L 

P  =  72  x  25  x14  =  25,  200  lb/lineal  ft  of  wall 

From  Table  3—59  for  i>  -  1 5*  c-  =  2000  lb/sq  ft  and  q  =  25  psi, 
the  ultimate  bearing  capacity  of  the  soil  for  a  footing  les3  than  4  ft  wide  is 
24  kips/ sq  ft. 

Use  kjooting  =  2.0  ft  (minimum  dimension  governs-Section  4,22) 

Ultimate  capacity  of  the  footing. 

P  =  2.0  x24  =  48  kips /lineal  ft  of  wall 

Required  for  use  with  Table  3-60. 

_ , .  25,2  ,  ,  ,  . 

P/D  =  2' Q —  =  12.6  kips 
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6 


D 


wall 

footing 


12.00  in, 

"ZTtrfT' 


From  Table  3-60  for  f<  =  2000  psi,  ~  =  12,  600  lb  and  2-  =  6. 


^footing  a  Qt92  d  =  0.92  x  2.0  =  1.84  in. 

footing 


L=  2,0  ft  D=  8.00  in.  (min.  dim.  governs -Section  4.  22) 

Use  d  =  6.  00  in. 

A  minimum  concrete  cover  of  2  in.  is  specified  for  footings  to  allow 
for  uneven  ground  conditions  in  the  bottom  of  the  footing  trench. 

Required  for  use  with  Table  3- 61 


nrc 


footing 

‘footing  '  wall 


6,  00 

=  24.0  -  IST.TO 


=  0.50 


From  Table  3 -  6 1  for  =  12,  600,  =  0.50  and  =  60,000  psi 


4  =0.10 

c 

A  plain  concrete  footing  with  D  =  8  in.  and  the  ultimate  tensile  strength  of  the 
concrete  taken  equal  to  10  percent  of  f  if  found  to  be  adequate  in  this  instance, 
It  should  be  noted  that  Tables  3-60  and  3 - 6 1  are  based  on  a  shearing- 
flexure  mode  of  failure,  The  possibility  still  exists  for  a  premature  diagonal 
tension  mode  of  failure,  although  normally  this  does  not  govern  design. 

Check  for  diagonal  tension. 


1,  930,  OOOf 

^c  =  IZ - - 

dy 


(3.39.4) 


1.93  x  106  x  2  x  LO3 


36  x  10 


8 


1 . 07 


Actual  =0.00  <1,07  O.K, 
c 


For  end  walls, 

The  same  footing  is  used  for  both  eccentrically- loaded  side  walls 
and  end  walls . 
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For  interior  walls, 

P  =  144  q  L 

P  =  144  x  25  x  14  =  50,  4  kips/lineal  ft  of  wall 
Assume  L  =  2.  0  ft 
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it  is  assumed  that  the  top  of  the  footing  will  rest  at  one  foot  below  the  top 
of  the  floor  slab.  All  walls  will  be  extended  to  the  footing  elevation. 

(1)  Raft  Foundation.  In-place  cost  of  equivalent  overhead  slab 
(see  "Roof  Slab  Design"  for  this  design  problem)  is  3.09  $/sqft.  Computing 
the  decrease  in  cost  for  a  raft  foundation  of  comparable  strength  (seeDesign 
Problem  4-34A,  Sectionj)„,  we  obtain  the  following, 

Decrease  in  forming  costs 

ACf  =  k'f  -  Xf  =  Xf  +  0.  0l2D  -  Xf 


=  0.  88  +  (0.012  x  7.  6)  -  0.  60  =  0.  37  $/sq  ft 
Ct  for  raft  =  3.09  -  0.37  =  2.72  $/sq  ft 

(2)  Continuous  Footings  and  Ground  Slab 
Exterior  wall  footings 


Concrete 


C  = 
c 


TZ  Xc 


cc  =  X  0.  95  =  0.  64  $/ sq  ft 


(3.39.9) 


Main  Steel 
Temperature  Steel 


None  required. 


Forms 


Summary 


st 


D 

12 


te 

W 


C_  =  8;  ?°-  x  0.001  x  78.8  =  0.  0i&  $/sq  ft 


st 


TZ 

C 


X, 


f  f 

Cf  =  0.  75  $/ sq  ft 
C  =  0. 64 


(3,  39.  11) 


(3,  39.  12) 


C  =0,00 
s 


st 


0.  05 


C  =  0. 75 


C,  =  1.  44  $/ sq  ft 


Interior  wall  footings 


Concrete 


C  = 
c 


D 

12 


X 


(3.  39,  9) 
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8.  00 

=  Yz  x  0.  95  =  0.  64  $/sq  ft 


Main  Steel 


C  -  d 

Cs  "  T2 


c 

TM 


X 


8  <30 

Cs  =  “f x  0>  0029  x  85-  8  =  0.  12  $/sq  ft 


Temperature  Steel 


c  -  D 
c8t '  n 

8, 00 


"t.  ' 

ITC 


X 


c  =  x  0.01  x  78,  8  =  0.  05  $/sq  ft 

st  1  2 


F  orins 


Summary 


Cf-  Xf 


=  0,75  $/sq  ft 


G  =  0.  64 
c 

C  =  0.  1?. 

s 

Cst  00r’ 
C  =  0.75 


Ct  =  1 . 56  $/sq  ft 


Floor  slab 


Concrete 


3.0 


Cc  =  x  1.09  =  0.27  $/ sq  ft 
Mesh  Reinforcement 

3.0  0,10 


Forms 


Summary 


Cs  "  2  x  IT  x  100 
Cf  =  Xf 

O  ■■■■  0,  60  $/sq  ft 


C  0.27 
c 

C  -  0. 04 

s 

Cf  =  0.  60 


x  78 . 8  -  0 . 04  $/ sq  ft 


C  =  0.91  $/ sq  ft 


(3. 39. 10a) 


(3.  39.  11) 


(3.39. 12) 


. 33. 30a) 
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Wall  extensions 


From  Sections  (d),  (f),  and  (h)  of  this  study,  the  following  cost 
factors  are  available. 

Side  walls  C^  =  ^ '10  $/sq  ft 

Interior  walls  C^.  =  1  .  10  $/sq  ft 

End  walls  Evaluate  on  the  basis  of  total 

in-place  costs,  since  design 
of  end  wall  differs  for  the  two 
types  of  foundation.  For  the 
isolated-footing  type,  the  dif¬ 
ference  in  total  end  wall  cost  is 
Ct  =  $1319  -  $976  =  $343 

Footing  excavation  (  see  Design  Problem  4-34A). 

Using  the  same  assumptions  as  in  the  preceeding  problem,  and 
correcting  for  the  applicable  lengths  and  depths  of  continuous  footings  we 
obtain  the  following. 

depth  of  footing  trench  =  1 . 67  ft 
width  of  footing  trench  =  3.  0  ft 

volume  of  trench  excavation  =  5.  0  cu  ft  per  lineal  ft  of  trench 
Assuming  a  unit  cost  of  0.10  $/cu  ft  for  trench  excavation, 

Ct  =  5.0x0.10=  0.50  $/lin<  aJ  ft 
(3)  Cost  Comparison  For  Foundation  Alternatives 

Raft  Foundation.  Required  dimensions  (see  Figure  4-3)  are  approxi¬ 
mately  30.  67  ft  x  31 . 67  ft. 

Ct  =  30. 67  x  31 . 67  x  2.  72  =  $2640 

Continuous  Footing  System 

footings(exterior)  length  =  2(31.67  +  28  67)  =  120.7  lineal  ft 

area  =  2.0  x120.7  =  241 . 4  sq  ft 
C  =  241 . 4  x  1  .  45  =  $350 
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footings  (interior) 


length  =  30.0  lineal  ft 
area  =  2.0x30.0  =  60.0  sqft 
Ct  =  60.  0  x  1.56  =  $94 

side  wall  extensions,  (see  Section  (d)  of  this  design  example) 

length  =  2  x  31. 67  =  63 . 3  lineal  ft 
area  =  1  x  63 . 3  =  63.  3  sq  ft 
C  =  63. 3  x  3.10  =  $196 

end  wall  extensions  (seeSection  (f)  of  this  design  example) 

ACt  =  $343 

interior  wall  extensions 

length  =  30.0  lineal  ft 
area  =  1  x  30. 0  =  30. 0  sq  ft 
C  =  30. 0  x  1 .  10  =  $33 

footing  excavation 

length  =  2(31.  67  +  28,  67)  +  30  =  150.  7  lineal  ft 
C  =  150.  7  x  0.  50  =  $75 

floor  slab  Required  dimensions  are  28.  17  ft  x  30. 0  ft 

C  =  28.  17  x  30.  0  x  0.  91  =  $770 

Summary  >'  =  $1861  <$2640 

Use  continuous  footing  system,  with  D  =  10,0  in. 
for  end  walls , 

(k)  Required  Excavation 

1)  Minimum  cover  h  a  3.  5  ft 

2)  Cover  required  for  full  burial  h  =  0,  0  ft 

3)  Radiation  burial  requirement 

=  3.5+0. 020  q  (4. 21 . lb) 

d^  =  3,  5  +  (0, 020  x  25)  =  4.  00  ft 

For  shielding,  1 . 0  ft  of  concrete  1 .  5  ft  of  earth 
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4.  0  -  (1 .  5  x  D/12)  =  4.0  -  (1.5x7.6/12)  0.05  ft 

3 . 05  <3.  50 

Use  3.50  ft  cover 


Total  depth  of  excavation  (see  Figure  4-3,  trenching  for  footings  excluded) 

(4.34.  1) 


z  =  h  +  H  + 


z  =  3.  5  +  8.0  + 


(Droof  +  Bfloor^ 

\  12 

] 

|7.6  +  3.0  ' 

-  1 

Following  the  criteria  presented  in  Section  4.24, 

Volume  = -jj-  (Aj  +  A-^)  (4.24.1) 

Volume  =  [(31.67  x  30. 67)  +  (56.3  x  55.  3)]  =  25,  100  cu  ft 


Cubicle  gross  volume 


(1) 


Volume  =  L 

Volume  =  31.67  x  30,67  x 

. 

Entrance  Way 

From  Table  4-4 


TBT 

8.  00 


H  + 


roof  + 

rz 


,  / 7, 6  +  3.0 
+  [~ IT— 


Dfloor) 

i  =  8620  cu  ft 


CT 

$2750 

(m)  Total  Cost 

Roof  Slab 

3.09 

x  30. 67  x  31.  67  = 

3000 

Side  Wall 

3.  10 

x31.67x9.0x2  = 

1770 

End  Wall 

2. 39 

x  30,  67  x  9.0  x  2  = 

1319 

Interior  Wall 

1  .  10 

x  30. 0  x  9. 0  = 

297 

Floor  Slab 

0.91 

x  28. 17  x  30.  00  = 

770 

Side  Wall  Footing 

1 . 45 

x  31.67  x  2.0  x  2  = 

184 

End  Wall  Footing 

1. 45 

x28.67  x  2,0  x2  = 

1  67 

Interior  Wall  Footing 

1  .  58 

x  30. 00  x  2.  0  = 

95 

Footing  Trench 

0.  50 

x  1  50. 6  - 

75 
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Excavation  0, 036  x  25,  100  -  905 

Backfill  0.033  x  (25,  100  -  8620)  =  544 

Haul  0.026  x  8620  =  224 

Entrance  Way  2750 

Total  $12,  100 


(n)  Cubicle  Net  Floor  Area 

Net  area  =  2x14.  Ox  30. 0  -  840  sq  ft 

(o)  Cubicle  Net  Volume 

Net  volume  =  840  x  8.  0  =  6720  cu  ft 


TRIAL  DESIGN  4.  34C 

CONFIGURATION; 

One  story  cubicle  (see  Figure  4-4) 

STRUCTURAL  SYSTEM: 

Monolithic  two-way  slab,  isotropic-style  A-quad.  (seeTable  4-3) 

DESIGN  PARAMETERS: 

q  a  10  psi  equivalent  pressure,  including 
weight  of  slab  and  earth  cover 

L  =  28.0  ft 


oC  = 


28,  0 

TO 


0.  933 


(a)  Roof  Slab  Design 

F'-om  Table  3-39,  for  L  =  28.  0  ft,  C<  =  0.9  and  q  =  10  psi,  the 
minimum-cost  structural  parameters  for  the  overhead  isotropic  two-way 
slab  with  fixed- edge  support  and  no  web  reinforcement  are, 

=  75,  000  psi 

f1  a  2000  psi 
c  r 

^Sc  =  ^Lc  =  percent 

D  =  13.  8  in. 

For oC=  1.0,  L  =  28 .  0  ft  and  q=  10  psi,  these  parameters  are, 

f  ,  =  75,  000  psi 

dy 

f!  =  2000  psi 
c 
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</>„  =  =  0.25  percent 

Sc  Lc  r 

D  =  13.  1  in. 

Foro^=  0.  933,  use  D  =  13.5  in. 

Check  for  "pure"  shear,  1680  lb/in,  width  <  7120  lb/in.  width, 
(b)  Roof  Slab  Cost  Factor 

From  Table  3-39,  interpolating  betweenck  =  1.0  andW:  0.9,  we 
obtain  the  unit  cost  of  the  roof  slab, 

Ct  =  2.98  $/sq  ft 


(c)  Eccentrically- Loaded  Side  and  End  Wall  Design 

Using  guide  lines  expressed  in  Section  3.  35,  take  $6^  =  0,  50  percentj 
f'dc  =  2500  psi  and  f^  =  60,  000  psi 
Required  for  use  in  Table  3-47 


if-  -w-  ■  °-0<H 

For  =  60,  000  psi  and  f!^c  =  2500  psi. 

=W  T%~  =0.l2<V-0.U3it 

ac 

From  Section  4-22,  D^6  in,  and  qd  ^  0.067.  We  next  turn  to 
Table  3-47,  where  the  following  design  possibilities  can  be  identified  for 


=  0. 004  and  ^  0.  067. 

(1)  qd  =  0.067 

d 

wall 

L  ,  , 
slab 

=  0.  50 

(extrapolated) 

(2)  qd  =  0.067 

dwall 

^slab 

.  =  0.75 

The  experience  with  Design  Examples  4.  34A  and  4.34B  suggests  th 
the  minimum- cost  structural  design  for  the  side  and  end  walls  will  consist  of, 
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hence 


f^j  =  60, 000  psi 
f1^  =  2500  p8i 


q.  =  0, 067 
d 


d  =  1  4,  0  in.  and  D  =  15.5  in. 


(d)  Eccentrically- Loaded  Side  and  End  Wall  Cost  Factors 

t  c  r-  from 

Concrete  Cc  =  1  .  xl,00  =  1.29$/sqft  (3.35,33a) 


Main  Steel 

c  = 

s 

0.50  15.5  .. 

100  12  78' 8  " 

0,51  $/ sq  ft 

from  (3.35,  34c 

Temperature  Steel 

Cst  = 

-S-j~  x  0.001  x  78.8  = 

0.10  $/sq  ft 

from  (3.35.3  5) 

Forms 

o 

»-s 

II 

1.00  $/ sq  ft 

from  (3 .  35 . 36) 

Summary 

o 

o 

li 

1.29 

C  =0.51 
s 

C  =  0.10 
st 

Cf  =  1 ■ 00 

Ct  =  2.  90  $/ sq  ft 

(e)  Foundation  Design  for  Eccentrically- Loaded  Side  and  End  Walla 

Continuous  footings  are  probably  the  most  economical  foundation 
system,  because  of  the  long  span  length. 

Load  acting  on  viall 

P  =  72  q  L 

P  =  72  x  10  x  28.0  =  20,  200  lb/lineal  ft  of  wall 
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From  Table  3-59  for  (6  =  15°,  c  =  2000  lb/sq  ft  and  q  =  10  psi,  the 
ultimate  bearing  load  of  a  footing  with  L  =  2.  0  ft  is, 


P  =  24,  000  lb/sq  ft 

p  _  .20  zoo  =  10)  100  24(  000 


Actual  load 

T  -  ToU 

Required  for  use  in  Table  3-60, 

=  10,  100  lb/ft/ft 


^wall  15.5 

T7~r. —  = 

footing 


7.  75 


Interpolating  from  Table  3-60  for  f1^  =  2000  psi, 

P/D  =  10,100  1b  aad  D/L  =  7.75 

=  0.80  d  =  2.00  x  0.80  =  1.60  in, 

L,  =  2.00  ft 

A  plain  concrete  footing  with  D  =  8.00  in.  as  required  by  Section  4,  22 
is  sufficient. 


(f)  Footing  Cost  Factors 

Footing  cost  factors  are  determined  in  a  manner  identical  to  that 
used  in  Sample  Design  4.  34B 


Summary 

c 

c 

TZ  x0'95  = 

0. 63 

Cst  = 

8  0.10 

'T T  x  "IffO"  '  x  '«■  8  - 

0.  05 

cf  = 
ct  = 

0.  75 

1 . 43  $/sq  ft 

(g)  Floor  Slab  Design  and  Cost  Factors 

The  structural  parameters  of  the  floor  slab  and  the  slab  are  the 
"Me  as  in  Section  (i)  and(j)  of  Trial  Design  4,  34B. 
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Ct  =  0.  91  $/ sq  ft 

(h)  Required  Excavation 

1)  Minimum  cover  h=  3,50  ft 

2)  Cover  required  for  full  burial  h  =  0.00  ft 

3)  Radiation  burial  requirement 


de  =  3.5  +  (0.020  x  10)  =  3.70 


from  (4.  21 .  lb) 


For  shielding,  1 . 0  ft  of  ooncrete  tti  1 . 5  ft  of  earth 

'  1 . 5  x  1 3v  5 


3.70 


1 . 5D 

~~l2 


3.  70  - 


TT 


2.01  ft 


Use  h  =  3.  50  ft 
Total  depth  of  excavation 


z  =  3.  5  +8,0  + 


13, 5+3.0 

12 


12.88  ft 


Following  the  criteria  presented  in  Section  4.24, 

12.88 


Volume  =- 


(32. 58  x  30, 58)  +  (58. 34  x  56.  34) 


from  (4.  34.  1 ) 

=  27,  600  cu  ft 
from  (4,  21,  1) 


Cubicle  gross  volume 

Volume  =  32. 58  x  30.  58 


8.0  + 

1  3 .  5  +  3 .  0\ 

T7  JJ 

=  9340  cu  ft 

from  (4.  34.  2) 


Trenching  for  footings 

Use  the  same  volume  and  cost  factor  shown  in  Trial  Design  4.  34B, 

Length  of  trench  =  2(32. 58  +  28.  00)  =  121  ft 
Volume  of  trench  =  5.  0  cu  ft  per  lineal  ft 


Cj,  =  0.  50  $/lineal  ft 


(i)  Entrance  Way 

From  Table  4-4, 


CT  =  $2750 
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(j)  Total  Cost 

Roof  Slab 

2. 98  x  32.  58  x  30. 58  = 

2970 

Side  and  End  Walls 

2. 90  x  9. 0  x  2(32.  58  +  28.  0) 

3160 

Floor  Slab 

0.91  x  30.  00  x  28, 00  = 

756 

Wall  Footing 

1.43  x  2.0  x  2(32.  58  +  28.0) 

=  3-16 

Footing  Trench 

0. 50  x  121  = 

61 

Excavation 

0.036  x  27, 600  = 

995 

Back  Fill 

0.033  x  (27,  600  -  9  340)  = 

603 

Haul 

0.026  x  9340  = 

243 

Entrance  Way 

2750 

Total 

CO 

CO 

V  1 

r— < 

Note:  A  raft  foundation  system  would  cost  approximately  $2500  as 
compared  to  the  footing  system  which  coats  approximately  $1550. 

(k)  Cubicle  Net  Floor  Area 

Net  floor  area  =  28.  0  x  30. 0  =  840  sq  ft 

(l)  Cubicle  Net  Volume 

Net  volume  =  8.  0  x  840  =  6720  cu  ft 

TRIAL  DESIGN  4.34D 

CONFIGURATION: 

One  atory  cubicle  (see  Figure  4-5) 

STRUCTURAL  SYSTEM: 

Monolithic  two-way  slab-orthotropic-style  A-quad(seeTable  4-3) 
DESIGN  PARAMETERS: 

Same  as  Trial  Design  4,  34C,  This  example  compares  isotropic  and 
orthotropic  designs  for  the  two-way  reinforced  slab. 

(a)  Roof  Slab  Design 

From  Table  3-40,  for  L  =  28.0  ft,  o<  =  0.9  and  q  -  10  psi,  the 
minimum- cost  structural  parameters  for  the  overhead  ortholropic  ( /A  =  fj  ) 
two-way  slab  with  fixed-edge  support  anu  no  web  reinforcement  are. 

f  ,  =  75,  000  psi 

dy 

f1  =  2000  psi 
c  1 

^Sc  <*Lc  =  °'25  Pe^ent 

D  --  13. 8  in. 
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ForO,  =  1.0,  L  =  28.  0  ft  and  q  =  10  psi,  these  parameters  are 
f dy  =  75,  000  psi 

f1  =  2000  psi 
dgc  = yUe  tfLc  =  0.25  percent 
D  =  13.1  in. 

Except  for  the  introduction  ofyj0,  these  are  the  same  structural 
parameters  as  found  for  the  isotropic  slab  of  Trial  Design  4-34C. 

Use  D  =  13.  5  in,  The  slab  will  be  adequate  in  "pure"  shear. 

(b)  Roof  Slab  Cost  Factor 

From  Table  3-40,  interpolating  betweena«*  =  1.  0  andoi=  0.9,  we 
obtain  the  unit  cost  of  the  roof  slab. 

Ct  =  2.  88  $/sq  ft 

(c)  Eccentrically- Loaded  Exterior  Wail  Design 

(1)  End  Wall  (long  direction) 

Using  guide  lines  expressed  in  Section  3.  35  take  <t>^  =  0.  5  pe  rcent 
(minimum),  f'^  =  2500  psi  and  f^  =  60,  000  psi 
Required  for  use  in  Table  3-51 


f1 


dc 


10 

2!f 


0.  004 


Also,  for  f  s  60,  000  psi,  f  =  2500  psi  and  =  q  ^  =  0.  50  perc 

minimum,  the  minimum  permissible  value  of  (wall)  is  0.067,  (see  Trial 
Design  4-34C,  Section  C) 

Interpolating  from  Table  3-51  for  q/f^c  =  0.004,  ©<  =  0.933  and 
q^^  0,067,  the  following  design  parameters  offer  logical  choices  for  minimum- 
cost  design,  ^ 

q^j  =  0,067  Twa^  =  0.40  (extrapolated) 


ent 


slab 


hence 


d  =  1 1 . 2  in.  and  D  =  1 2 .  5  in. 

(Note  that  Table  3-51  and  related  tables  should  be  extended  to  lower 
d/L  ranges  and  be  prepared  for  smaller  d/L  increments  if  they  are  to  he  used 
for  design  purposes). 

(2)  Side  Wall  (short  direction) 

Using  guide  lines  expressed  in  Section  3.35,  again  take  =  0.  50 
percent  (minimum),  f'^  =  2500  psi  and  =  60,  000  psi. 
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Required  for  use  in  Table  3-55 


q  10 

“  25M 
dc 


0.  004 


Also,  q^(wall)  =  0.067  minimum. 

Interpolating  from  Table  3-55  for  q/f1^  -  0.004,  Ot  =  0.933  and 
q^  ^  0.067,  the  probable  minimum-cost  parameters  are, 


hence 


q,  =  0. 067 
d 


'wail 


=  0.50 


slab 

d  =  1 4.  0  in.  and  D  -  15.5  in. 


(extrapolated) 


(d)  Eccentrically- Loaded  Exterior  Wall  Coat  Factors 

Use  the  same  method  illustrated  in  Trial  Design  4.  34B  (d) 
(1 )  End  wall 

Summary  C„  =  -  y^-- 1  x  1 . 00  =  1.04 


C  = 


0.  50 


11.2 


x  78.  8  =  0.  37 


^  _  0.  10  .12.5 

st  '  100  X  it 

Cf  = 

ct  = 


x  78.8  a 


0.  08 
1.00 

2 . 49  $/ sq  ft 


(2)  Side  wall 

Use  the  same  method  illustrated  in  Trial  Design  4.  34B  (d) 
Ct  =  2.85  $/sq  ft 

(g)  Foundation  Design  and  Cost  Factors 

Same  as  Trial  Design  4.  34C. 

(h)  Floor  Slab  Design  and  Cost  Factors 

Same  as  Trial  Design  4.  34C. 

(i)  Required  Excavation 

1)  Minimum  cover  h  -  3.  50  ft 

2)  Cover  required  for  full  burial  h  =  0.00  ft 

3)  Radiation  burial  required 
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from  (4,21.1b) 


de  =  3.5  +  (0, 020  x  10)  =  3.  70 


For  shielding  1 . 0  ft  of  concrete  f^l .  5  ft  of  earth 
Q  1 .  5D  _  ,  1,5x13.5 


?.  'll  ft 


Use  h  =  3. 50  ft 


Total  depth  of  excavation 


z  =  3.5+8 


5  +  3.0 

n 


=  12. 88  ft  from  (4.  34.  1] 


Following  the  criteria  presented  in  Section  4.24 


Volume 


Cubicle  gross  volume 


[(32. 08  x  30.  58)  +  (57. 84  x  56. 34)]  =  27. 300  cu 

from  (4.21.1) 


Volume  =  32.08  x  30.  58  8.0  ■■]  =  9200  cu  ft 

from  (4.  34.  2) 

Trenching  for  footing 

Use  the  same  volume  and  cost  factor  shown  in  Trial  Design  4.  34B, 
Length  of  trench  =  2(32.08  +  28.00)-  120  ft 

(j)  Entrance  Way 


From  Table  4-4 


(k)  Total  Cost 
Roof  Slab 
Side  Wall 
End  Wall 
Floor  Slab 
Wall  Footing 
Footing  Trench 
Excavation 
Backfill 


Entrance  Way 


CT  =  $2750 


2.  88  x  32. 08  x  30. 58  =  2820 

2.  85  x  9. 0  x  30.  00  x  2  =  1540 

2,49  x  9.0  x  30.58  x  2  =  1370 

0. 91  x  30. 00  x  28. 00  =  765 

1  .  43  x  2.0  x  2(32.  08  +  28. 0)  =  341 

0.  50  x  2(32. 08  +  28.0)  =  60 

0. 036  x  27, 300  =  983 

0.033  x  (27,  300  -  9200)  =  597 

0  026  x  9200  239 


$11.  467 
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(1)  Cubicle  Net  Floor  Area 


Net  floor  area  =  28,  0  x  30. 0  =  840  sq  ft 
(m)  Cubicle  Net  Volume 

Net  volume  =  8.0  x  840  =  6720  cu  ft 

TRIAL  DESIGN  4.  34E 

CONFIGURATION: 

One  story  cubicle  (see  Figure  4-6) 

STRUCTURAL  SYSTEM: 

Flat  slab(one-way  modified)  -  style  A  -  single  with  one  interior 
partition,  (see  Table  4-3) 

DESIGN  PARAMETERS: 

q  =  10  psi  equivalent  pressure,  including  weight  of  slab  and  earth 

cover , 

L  =  7.0  ft 

Design  of  all  portions  of  the  shelter  is  identical  to  Design  Example 
4.  34A  with  the  exception  of  the  interior  wall  which  is  replaced  by  a  column 
and  drop  panel  system. 

(a)  Interior  Column  Design 

2 

P=  l44qL  (approximate  load)  (4.34.3) 

P  =  144  x  10  x  (7.  0)2  =  70,  500  lb 

P=  0.85  Af'  +  A  f ,  (3,32.  2) 

dc  s  dy  '  ' 

Assume  a  6  in.  circular  column  with  f'dc  =  2500  psi,  f^  =  44,  000 
psi.  In  order  to  ensure  a  r easonably-large  area  of  reinforcing  steel,  use 
twice  the  minimum  steel  requirement,  or  =  1.0  percent. 

P  a  (0.  85  xjf  x  32  x  2500)  +  <0,  010  xtfx  32  x  44,  000) 

P  =  72.  400  lb.  O.K. 

Use  6  in,  circular  column,  f'  =  2500  psi,  f  ,  -  44,  000  psi,  =  1  .00 

dc  r  dy  r  t 

percent.  Concrete  filled  steel  pipe  or  rolled  structural  steel  shapes  could  be 
used  instead  of  the  concrete  columns  in  many  instances. 
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(b)  Interior  Column  Cost  Factor 


Concrete 


Main  Steel 


X 

c 


C 

c 


28,3 

144 


x  1 .  00  =  0.20  $/ft 


A  j  *  t 

IT4 


X 

s 


C 


3 


28.  3 


x  0.  010  x  78.  8 


0.  1 6  $/ft 


(3.  32.4a) 


(3.  32.  5a) 


Tie  Steel  (For  convenience  in  concrete  members  which  require  tie  steel  but  no 
temperature  steel,  the  cost  equation  for  temperature  steel  is  used  to  evaluate 
the  cost  factor  for  tie  steel.  ) 


r*  —  1 6  y 

St  "  T35  TUI r  s 


(3.32.6a) 


st 


28.3 

~TTT 


x  0.001  x  78.8  =  0.02  $/ft 


Forma  Cf  =  PyXf  (3,32.7a) 

Cf  =  3.  14  x  1.  10  =  1.73  $/sq  ft 

Summary  =  0.20 

C  =0.16 
s 

C  =  0.02 
st 

Cf  =  1-73 

=  2.11  $/ft  of  column 

See  Figure  4-6  for  number  of  columns  required. 


(c)  Drop  Panel  Design 

The  flexure  coefficient  kr  and  the  diagonal  tension  coefficient  k 

f  6  sc 

for  the  flat  slab  arrangement  chosen  should  at  least  equal  the  flexure  and 
diagonal  tension  coefficient  for  the  one-way  slab,  so  as  to  preclude  a  premature 
failure  in  the  region  surrounding  the  interior  column  and  drop  panel. 
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Assume : 

Drop  Panel  P  =  0.3D  d  =  l,25d 

P  P 

Capital  =  0.2L 

Check  for  flexure 

From  Tables  3-57  and  3-38 

k^  (flat  slab)  =  0.00162 

k^  (one-way  slab)  =  0.  00 100 < 0 .  001 62(0. K.  for  flexure) 
kgc  (slab-drop  panel  interface)  =  3.421 

k^^  (drop  panel-capital  interface)  =  2.360  (modified) 

k  (one-way  slab)  =  1 . 765<2, 360<3.  421/.0.  K.  for 
s  c 

diagonal  tension 

It  must  be  noted  that  the  shear  compression  resistance,  q^  (Equation 

3.  34.  34),  of  the  drop  panel  is  related  to  that  of  the  slab  by  the  ratio  (d^/d)2, 

In  this  example  the  equivalent  k  for  the  drop  panel- capital  interface  can 

s  c 

be  related  to  that  of  the  one-way  slab  by 

(1.25)2  kac  =  1.  56  x  1. 513  =  2.  360 

(d)  Two-Way  Slab  Strip  Additional  Cost  Factors 

To  provide  for  flat  slab  action  in  a  one-way  Blab,  a  slab  strip  Dc 
wide  running  parallel  to  the  column  line  is  provided  with  two-way  reinforcement. 


C'  =  2  C 
s  s 


where 


C's  =  the  co3t  factor  for  two-way  reinforcement  in  the  slab  strip 
running  between  drop  panels,  ($/sq  ft) 

Cg  =  the  cost  factor  for  the  reinforcement  in  the  one-way  slab, ( $/sq  ft) 
From  Design  Problem  4.34A,  Section  (a),  we  obtain  the  structural 
parameters  for  the  one-way  reinforced  slab.  From  these,  by  applying 
Equation  3.33.30b,  we  can  obtain  the  cost  factor  C1  . 


C'  = 
s 


2X  4  d 
s  c 

TWO 


1,33  + 


0.278 


7^ 


;2  x  85.8  x  0.  40  x  4.  0 


\ 


1.  33  + 


0.278  x  75,  000 
6.0x3  6 06 


1200 


=  0.  526  $/sq  ft 
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Additional  cost  factor  for  two-way  reinforcement 

C1 


AC.  s 

1  =  ~T 


0.  526 


=  0,26  $/sq  ft 


(e)  Drop  Panel  Additional  Cost  Factors 
Concrete 


/D 

r  -I  P 
°c  “  i 


Cc  (slab) 


(sue  3.36.13) 


From  Design  Problem  4-34A  and  Equation  3.33.30a. 

4.  5 


Cc  (slab) 


x  1.18=  0.44  $/sq  ft 


Therefore;  the  additional  cost  factor  for  concrete  in  the  drop  panel  is, 
I  5.  50 


C  = 

C 


47TcT 


-  1  x  0.44  =  0,  10  $/sq  ft 


Main  Steel 


Id  \ 

'hf-  -*) 


C’  (slab) 


(see  3,  36.  1 3) 


Ca  =  -  1  x  0.  526  =  0.  13  $/ s q  ft 


(f)  Capital  Coat  Factor 


C„  =  0.00052  (X  +0.01  X  )  L3  +0,0332X,D2 

1  C  S  I 


CT  =  0.  00052  [l.  18  +(0.  01  X  78.  8)j  63  +0.0332  x  1  ,75  x6 
C^,  -  0. 22  +  2.  09  =  2.31  $/ capital 


(3.  36.  14a> 
2 


Summary 


Cc  =  0.10 

Cs=_°cii_ 


Ct  =  0.  23  $/ sq  ft 

(g)  Total  Cost  of  Flat  Slab  Drop  Panel  System 


Columns 
Capitals 
Drop  Panels 
Two  Slab  Strip 
Additional  Form 


2.11x8.0x8  = 

2.31  x  8  x  2  = 

0.23  x  0. 094  x  49  x  8  x  2  = 
0.26  x0.3  x  7.0  x  49.0  x  2  -■ 
0.07  x  15.  5  x  60.  0  x  2  = 

T  otal 


135 
37 
17 
54 
130 
937  3 
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This  cost  compares  favorably  with  the  $477  cost  for  the  interior  partition 
shown  in  Trial  Design  4.  34A, 

Total  cost  of  shelter-  $8517 

(h)  Cubicle  Net  Floor  Area 

Net  area  =  (14. 5  x  59.0)-  (8  x  0.  785  xO.  25)  =  855 -  1.6  =  853  sqft. 

(i)  Cubicle  Net  Volume 

Net  volume,  neglecting  effect  of  capitals  and  drop  panels,  is  approxi¬ 
mately  6800  cu  ft. 

TRIAL  DESIGN  4.  34F 

CONFIGURATION; 

One  story  cubicle  (see  Figure  4-  7) 

STRUCTURAL  SYSTEM; 

Reinforced  concrete  framing  system- style  A- single  with  one  interior 
support,  (see  Table  4-3) 

DESIGN  PARAMETERS; 

q  =  10  psi  equivalent  pressure  Including  weight  of  slab  and  earth 

cover 

L  =  7 . 0  f  t 

(a)  Roof  and  Raft  Foundation  Design  and  Cost  Factors 

Same  as  Trial  Design  4.34A. 

(b)  Exterior  Beam  Design 

Table  3-15  supplies  minimum-cost  structural  parameters  for  one¬ 
way  reinforced,  overhead  slabs  with  fixed  edge  support,  while  the  material 
relationships  shown  in  this  table  may  be  of  some  assistance  in  estimating 
minimum-cost  parameters  for  one-way  reinforced  beams,  it  must  be  recog¬ 
nized  that  definitive  solutions  to  the  problem  of  minimizing  costs  in  one-way 
beams  would  involve  a  separate  cost  study.  Such  a  study  has  not  been  under¬ 
taken  in  the  current  program.  The  ratio  of  beam  width,  b,  to  beam  effective 
depth,  d,  would  enter  into  such  a  relationship.  It  is  conventional  practice, 
subject  to  restrictions  imposed  by  layout  requirements,  to  design  reinforced 
concrete  beams  with  depths  which  are  1,  5  to  2.  5  times  their  width.  These 
relationships,  which  have  not  received  full  verification  by  cost  minimization 
studies,  could  conceivably  be  altered  when  concepts  of  ultimate  strength  and 
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Double  Scale 


progressive  plastic  yielding  at  beam  sections  are  introduced.  For  the  design 
example,  unlike  conventional  construction,  it  is  advantageous  from  the  stand¬ 
point  of  interior  space  layout  to  use  a  deep  beam  whose  width  is  restricted 
to  approximately  that  of  the  exterior  filler  wall.  The  restraint  afforded  such 
a  beam  will  be  such  that  local  buckling  should  not  occur,  nor  is  "pure"  shear 
anticipated  to  be  a  problem.  However,  it  is  almost  certain  that  these  relative 
beam  dimensions  would  not  be  associated  with  the  true  "minimum  cost"  beam. 

Reference  9  suggests  7.0  ft  as  the  shortest  practical  span  length 
and,  since  the  shorter  span  lengths  are  generally  associated  with  maximum 
beam  economy,  columns  will  be  located  to  provide  spans  of  approximately 
7.  0  ft.  (see  Figure  4-7J  Assuming  a  6  ir..  column  dimension  along  the  longi¬ 
tudinal  beam  axis,  the  clear- span  length  of  beam  will  be  6'-10"  for  7  columns 
spaced  at  7'- 4"  on  centers,  Full  beam-column  moment  transfer  is  postulated. 

Initially,  assume  width  of  8  in.  for  the  beam.  From  Figure  4-7,  for 
L  =  6.83  ft  (clear  span)  and  q  .  .  =  10  psi,  the  unit  load  per  square  inch  of 
beam  can  readily  be  computed. 


„  _  10 
%ea m  ”  ”5 


,  7.0  x  12 
+  — 2 - 


=  62.  5  psi 


From  Table  3-15,  for  L  =  7.0  ft  and  q  =  50  psi,  the  pertinent 
structural  parameters  associated  with  minimum  in-place  cost  for  fixed-end 
overhead  slabs  are  =  75,000  psi,  4>w  -  0,  and  f'c  =  6000  psi.  These 
should  supply  some  guidance  as  to  minimum-cost  structural  parameters 
for  the  beam.  However,  we  probably  should  also  investigate  a  case  with 
minimum  web  reinforcement  (^v  =  0.  50  percent). 

Next,  assume  a  width  of  6  in,  for  the  beam.  The  corresponding  beam 
unit  loading  is, 


’beam 


10 

T~ 


6  + 


7.  0  x  12 

- 2 - 


80  psi 


From  Table  3-15,  for  L  =  7.0  ft  and  q  =  75  psi,  the  pertinent 
structural  parameters  are  =  75,  000  psi,  =  0,  and  f'c  =  5900  psi. 
Again,  in  considering  the  minimum-cost  beam,  the  <j>^  =  0,50  percent  case 
should  also  be  investigated. 

Turning  to  Table  3-1  3,  with  S'  =  0.25  for  all  cases,  we  can  identify 
four  design  situations  for  study. 
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(1)  L  =  6. 83  ft,  q  =  62.  5  psi,  f  -  75,  000  psi,  f'c  =  6000  psi,  b  a  8.  0  in. 


=  0 


&  =0. 656  percent 
c 

d  =  7. 65  in. 

D=  -O  =  8,5  in’ 


(Zj  L  =  6.  83  ft,  q  =  62,  5  pai,  =  75,  000  psi,  f 'c  =  2000  psi,  b  =  8.  0  in. 

=  0.50  percent 

=  0.67  percent 

d  =  7. 65  in. 

D  =  8.5  in. 

Case  (2)  is  almost  certainly  more  expensive  than  Case  (1),  so  will 
be  dropped  from  further  consideration. 

(3)  L  =  6.  83  ft,  q  =  80  psi.f^  a  75,  000  psi,  f'c  =  6000  psi,  b  =  6  in. 

<4=0 

v 

<bz  =  0.  656  percent 
d  =  8.75  in. 

D  a  9.75  in,  -say,  10.0  in. 

(4)  L=  6.  83  ft,  q=  80  psi,  f  a  75,  000  psi,  f1^  =  2000  psi,  b  =  6  in. 

=  0.5  percent 
=  0. 67  percent 
d  =  8.75  in. 

D  =  9.75  in.  -say,  10.0  in. 

Again,  Case  (4)  is  almost  certainly  more  expensive  than  for  Case  3. 

(c)  Exterior  Beam  Cost  Factors 

Cost  comparisons  will  be  made  only  for  design  cases  1  and  3.  Since 
the  roof  slab  and  the  beam  will  ue  cast  monoiithicaliy,  the  beam  can  be  costed 
as  a  localized  increase  in  slab  depth  (modified  T-beam  analysis)  or  the  beam 
can  be  costed  separately  and  the  slab  clear- span  reduced  by  one-half  the  beam 
width.  However,  in  recognition  of  the  increased  costs  of  fabricating  the 
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beam- slab  connection,  we  will  compute  the  beam  cost  as  a  discrete  item  and 
will  also  assume  that  the  slab  unit  costs  corresponding  to  L  =  7.0  ft  and 
%lab  =  psi  are  applicable  over  the  reduced  effective  roof  area. 

(1)  Beam  Design  No.  1 


Concrete 


X  DLb 
c 


(3.  33.  22) 


1.37  x  8.5  x  6.  83  x  8.0 


=  $4.42 


Main  reinforcement 


X  dLb  j) 
s  c 


[85.3  x  7.65  x  6. 
=  [' - TttlTR 


-  r l. 


33  + 


83  x  8.  0  x  0.  656 


l.  33  + 


0.278  x  75, 000 


=  $3.01 

Web  Steel  None  required. 

Temperature  Steel  None  required. 


Form  Work 


Summary 


CF=  k’fL 


(b  +  D) 


(3. 33.29b) 


,88  +(0.012  x  8.5)  x  6.83  x 


8.0  +8.5 


$18.  44 


CC=  4.42 
Cs=  3.01 


^$25.87 

CT 

Ct  =  ~TT~  : 


(2)  Beam  Design  No.  3. 


25.  87 


=  3.  79  $/ft 


Concrete 


Main  Reinforcement 


,,  _  1.37  x  10.0  x  6.83  x  6.0  _ 

cc  = - rn - -  ?3, 90 


_  85.8  x  8.  75  x  6.83  x  6.0  x  0.  656  |  ,,./  0.278  x  75,000 

c  “I  ■  ua  v  inn”  I  I  *  •  t  I  -r  o -a  ..  toon 


S  144  x  100 

=  $2.58 

Web  Steel  None  required. 

Temperature  Steel  None  required. 


Form  Work  CF  =  [o.  88  +(0.  012  x  10.  0)]  x  6.  83  xl  0  £  1.0,  °- 

=  $18.20  ' 


4-62 


Summary 

CC  = 

3.  90 

cs  = 

2.  58 

CF  = 

18.20 

CT  = 

$24.  68 

ct  =  -xinr  -  3-62  $/ft 

Use  Trial  Design  No.  3.,  with  b  =  6  in. 

(d)  Interior  Beam'  Design 

From  the  standpoint  of  interior  space  usage,  it  would  be  desirable 
to  have  a  shallow  interior  beam.  As  an  initial  trial,  assume  b  =  10  in.  For 
this  beam  width  and  10  psi  roof  loading,  the  unit  loading  on  the  beam  (see 
Figure  4-  7)  is, 

%eaxn  =  T§-[10+(6-83xl2>]  =  92  Pei 

Table  3-15,  for  L  =  7.0  ft  and  q  =  100  psi,  indicates  that  f^  =  75,  000 
pal,  tj>^  =  0  and  f'^  =  6000  psi  are  associated  with  the  least-cost  slab.  Entering 
Table  3-13  with  these  values,  and  assuming  0'  =  0.25,  a  possible  structural 
design  for  the  interior  beam  is  as  follows, 

f^y  =  75,  000  psi 

f'  =  6000  psi 
c  r 


K  =  o 

=  0.  656  percent 

Conservatively  as suming  L  =  (6. 83  +  0.50)=  7.  33  ft  we  obtain 
cl  w  10.5  in.  and  D  =  ^  =  11.7  in. 

Use  d  =  10.5  in,  and  D  =  12. 0  in. 

Check  for  "pure"  shear.  Maximum  shear  at  fixed  support  is 


V 

max 


10  x  7.46  x  12  x  7.5  x  12 


40,300  lb 


^allowable  =  °-  22  x  6000  x  10. Ox  10.5  =  1  39,  000  lb  O.  K, 

( e )  Interior  Beam  Cost  Factor 

Concrete  XcDLh  (3.33.22) 

t  l  "  1  44 
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Main  Reinforcement 


^  1.37  x  12.0  x  7.33  xiQ.O 

cc  = - rn -  =  »8-37 


CS  = 


X  d  L  b  ^ 
a  c 


1.33  + 


0.278 


CS 


85.  8  x  10.50  x  7.33  xiQ.O  x  0.  656 


14,  400 

=  $5.43 

Web  Steel  None  required. 

Temperature  Reinforcement  None  required, 

Form  Work 


,  ,,  ,  |  0.278  x  75,  000 

K33  +lTirrm" 


•]] 


CF-  k'fLiTL£1 


CF  " 


Summary 


0.  88  +(0.012  x  12,0) 
Cc  =  8.37 

Cg=  5.43 

CF  =  a7-50 


x  7. 33  x 


10.0+  12.0 
- 5 - 


,(3.33.  29b) 
=  $27. 50 


CT  =$41,.  30 

Ct  "  'if  "  -iTTT-  =  5-  63  $/ft 


(f )  Design  of  Axially- Loaded  Interior  Column 

The  design  of  the  interior  columns  ia  controlled  by  the  load  on  the 
first  interior  column,  which  supports  the  end  reaction  of  a  7.33  ft  clear- span 
length  of  interior  beam. (see  Figure  4-  7)  Including  the  direct  load  on  the 
column  from  the  roof  slab,  the  total  interior  column  load  is, 


p  =  (7. 46  X  7.  50  x  144  x  10) 
col 

=  80,  600  lb 

P  ..  =  0.85  A  f'  +  A  f , 

allow  dc  s  dy 


(3.  32.2) 


Assume  a  7  in.  diameter  circular  column  with  f'dc  =  2500  psi 
(f'c  =  2000  psi),  =  1.00  percent  (in  excess  of  0.50  percent  minimum 
because  of  small  cross-sectional  area  of  column),  and  =  44,000  psi 


Pallow  =  (0-  85  x7rx  3'  ^  x  2500) +  {0.010  X7 fx  3.  52  x  44,  000) 
=  98,  700  lb 


4-64 


Use  7  in.  diameter  circular  column,  f1^  =  2500  psi,  =  44,  000  psi, 
4^  =  1.00  percent. 

(g)  Cost  Factor  For  Axially- Loaded  Interior  Column 


Concrete 


C  = 
c 


T?4)  Xc 


(3.  32. 


Main  Steel 


Tie  Steel 


Cc  =  °’7|'44:~7  x  1 . 00  =  0.  27  $/ft 


a  '  T?4  TOT  s 


0  7SS  v  7" 

C  =  ■■-r-x7r---  x  0.  010  x  78,  8  =  0.21  $/ft 

S  1 44 


4 

St  =  T?4  1  uml  AS 
2 


Cst  = 


C 

0, 785  x  7 


(3.  32.  5a) 


(3.  32.  6a) 


x  0.001  x  78.8  =  0.02  $/ft 


Forms  C.  =  P  X,  (3.  32.  7a) 

2  r  i 

cf  =  TT  x  l*  10  =  2>01  $/ft 
Summary  Cc  =  0-27 

C  =  0.21 
s 

C  =  0. 02 
st 

Cf  =  2,01 

Ct  =  2.  51  $/ft 

(h)  Eccentrically- Loaded  Corner  Column  Design 

The  eccentricity  of  the  exterior  beam  reaction  on  the  corner  columns 
must  be  considered  in  the  design  of  these  members,  From  Section  (b)  of  this 
Design  Example,  we  see  that  the  loading  on  the  exterior  beam  is  80  psi,  over 
a  beam  width  of  6  in.  and  a  ciear-span  length  of  6.83  ft  for  assumed  column 
dimensions  of  6  in,  parallel  to  the  longitudinal  axis  of  tne  beam.  We  will  now 
determine  the  actual  required  dimensions  for  the  corner  column.  In  so  doing, 
we  will  check  the  earlier  assumption  of  6.  83  ft  for  the  clear- span  length  of 
the  exterior  beam. 
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The  exterior  beam  loading  is  applied  to  the  corner  column  over  the 
6  in,  width  of  exterior  beam.  Hence,  assuming  that  the  column  width  perpen¬ 
dicular  to  the  exterior  beam  is  10  in.,  the  equivalent  loading  for  column 
design  by  Tables  3-41  to  3-44  is, 

6  _  6  x  80  ,D 

^column  ~  10  ^beam  10  ^sl 


Following  the  guide  lines  presented  in  Section  3.  35  and  utilized 
in  other  design  examples,  take  minimum  ^  =  0.50  percent,  f1^  =  2500  psi, 
and  =  60,  000  psi. 

Required  for  use  in  Table  3-43 


minimum 


0.0192 


1  0.0050 

2  x . 579 


x 


75,  000 

2500 


0.  083 


From  Table  3-43  for  q/f ’ =  0.0192  and  q^=  0.083,  v/e  read 
1.5.  Assuming  L  a  6.83  ft,  as  before,  we  thus  obtain 


d  .=  1.5  x  6.  83  =  10.2  in. 
col 


D  = 


•57T 


10.  2 
T 


11. 3  in. 


Use  a  10  in.  x  12  in.  corner  column.  Supply  0.50  percent  steel 
in  each  major  bending  plane,  or  total  =  1.0  percent. 

(i)  Eccentrically- Loaded  Corner  Column  Cost  Factors 

lb  D 


Concrete 


Main  Steel 


Cc  =  \~TW 

10, 0  X  12. 0 
144 

„  _  bd 
s  "  T3¥ 


X 

C 

x  1 . 00  =  0.  83  $/ft 

TW 


(3.35, 33b) 


from  (3,  35.  34b) 


Cs  =  10'ni4412'0  x  *  78.  8  =  0.  73  $/ft 
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Tie  Steel 


F  orms 


_  b  D 

st  1 44 


x 


s 


(3.35.35b) 


Cst  =  x  0.001  x  78.8  =  0.07  $/«" 


_  b  +  D 


X, 


Cf  = 


10  +  12 

~l - 


x  1.00  =  3.67  $/ft 


(3. 35.36b) 


Summary 


C 

c 

C 

s 


st 


0.  83 
0.  73 
0.  07 
3.  67 

5,  30  $/ft 


(j)  Design  of  Exterior  Wall  Columns  (Non- Corner) 

These  columns  are  loaded  by  the  end  reactions  of  the  exterior 
beams,  plus  an  additional  loading  due  to  the  strip  of  roof  slab  which  bears 
directly  on  the  column.  The  first  loading  component  has  an  axial  resultant 
on  the  column,  while  the  second  loading  component  has  a  small  eccentricity, 
However,  since  the  eccentric  loading  component  is  proportionately  minor,  it 
can  be  assumed  that  the  minimum  requirement  for  column  steel  ®  0. 50  per¬ 
cent)  will  be  adequate.  Thus,  the  column  is  designed  for  an  axial  loading 

P  .  where, 
column  ’ 

t-,  12x6.0x6.83x12x  80.  1  ,17.0x12x6x101 

column  =l - 2 - I  +  I  - 2 - J 

=  3b, 300  +  2520  =  41, ,820  lb 

A  column  width  of  6  in.  is  desirable  from  the  standpoint  of  interior 
layout.  Neglecting  the  portion  of  the  load  carried  by  the  column  steel,  the 
required  gross  depth  of  column  for  f  =  2500  psi  concrete  would  be 


„  41,  830 

“  6.0  x  0. 85  x  2500 


3.  28  in. 


Use  D  =  6  in.  with  ^  =  0,  50  percent  in  each  principal  bending  plane. 
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A  column  width  of  6  in.  was  assumed  in  the  analysis  of  the  exterior  beam, 
and  the  adequacy  of  this  interior  beam  is  now  verified. 

(k)  Cost  Factor  For  Exterior  Wall  Columns(Non-Corner ) 


Concrete 


Main  Steel 


Tie  Steel 


Forms 


Summary 


b  D 
144 


Cr  =  6-°1-|46'-°-  x  1.00  =  0.25  $/ft 


1  i. 


c  = 


tbD 


s  =  1 4,  403' 


X 


cs  °  1  x  7S-  8  s  20 


(3.  35.  33b) 


_  b  a  I  *te  I  x 

cst  “  [TUTT]  Xs 

6.  0  x  6.0 


Jst 


Cf  = 


X  0.  001  x  78.  8  =  0.  02  $/ft 


Cf 

6+6 


b  +  D 
6 


x  1.00  =  2.00  $/ft 


(3.  35.  35b) 


(3.35.36b) 


C  =  0.  25 
c 

C  =0.20 
8 

C  s  o.  02 
st 

Cf  =  2. 00 

Ct  =  2.  47  $/ft 


(1 )  Concrete  Masonry  Wall  Design 

Using  the  arching  theory  developed  in  Section  3.  5,  the  masonry  unit 
wall  is  designed  as  a  bending  member  to  resist  a  component  of  load  equal 
to  one-half  that  acting  on  the  roof  slab.  The  span  length  is  that  taken  in  the 
short  direction. 

Assume  D  =  6.  00  in.  (6  in.  RCMU) 
f  =  1000  psi,  E  =  1,  000,  000  psi 
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Maximum  design  span  length  for  the  masonry  wall  occurs  at  end  walls,  where 
the  clcar-span  length  between  the  corner  column  and  the  exterior(non-corner) 
column  is  7,0  ft. 

Following  the  procedure  outlined  in  Section  3, 5 


12L  12  x  7. 00 


"57W 


=  14.  0 


f 


,  1000  «  nei 

e  cm  '  “E - 1,  0(56,  000  =  °-001 


R  =  -|HL  x<14.  0)2  =  0.  049 


From  Table  3-66  for  R  =  0.  049  and  12L/D  ■  14.0 


=  0.0075 


q=  1000  x  0.0075  =  7.5  pBi 


The  value  of  q  acting  on  the  wall  is  assumed  equal  to  one-half  of 
that  acting  on  the  roof  slab. 

10 


V 


=  5  <  7,5  O.K. 


Use  6  in.  RCMU  for  all  exterior  walls. 

(in)  Concrete  Masonry  Wall  Cost  Factor 
6  in.  RCMU,  C  =  1.10$/sq£t. 

(  n  )  Foundation  Design  and  Cost  Factors 
Same  as  Trial  Design  4,  34A. 

(o)  Required  Excavation 

Required  depth  z  is  the  same  as  that  shown  in  Trial  Design  4.34A. 
z  =  12. 25  ft 

Following  the  criteria  presented  in  Section  4.24 

Volume  =  5  [  <60.  17  x  16.  17)  +(84.  67  x  40.  67)]  =  27,  000  cu  ft 

Cubicle  grosu  volume 

Approximately  60.  17  x  15,  5  x  8.75  =  8150  cu  ft 

(p)  Entrance  Way 

From  Table  4-4 

C  =  $2750 
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(q)  Total  Cost 

Roof  Slab 

1 ,  66  x  13. 67  x  59. 17  = 

13  43 

Ground  Slab 

1. 33  x  13, 67  x  59. 17  = 

1075 

Exterior  Beam 

3.  62  x  [(4  x  6,  83  x  8)  +  (4  x  7. 00 

x  2)]=  995 

Interior  Beam 

5.  63  x  2  x  59.  17  = 

666 

Corner  Columns 

5.  30  x  4  x  8.  75  = 

186 

Exter  ior(Non-  Corner) 
Columns 

2, 47  x  8, 75  x  16  = 

346 

Interior  Columns 

2.  51  x  7.  38  x  12  = 

222 

End  Walls 

1.  10  x  2  x  2  x  7.0  x  7.08  = 

218 

Side  Walls 

1,10  x2  x  8.0  x  6. 83  x7.08  = 

800 

Excavation 

0. 036  x  27, 000  = 

972 

Backfill 

0.033  x  (27, 000  -  8150)  = 

622 

Haul 

0. 026  x  8150  = 

212 

Entranceway 

27  50 

Total 

$10, 457 

(r)  Cubicle  Net  Floor  Area 

Net  floor  area  =  (14, 5  x  59 .  1  7)  -  (7  x  0,785  x  0.  667^')-  859-2  =  857  sq  ft 

( s)  Cubicle  Net  Volume 

Net  volume  =  (857  x  8.  0)  -I  —  - x  59.  17  I  =  6850  -  31  =  6819  cu  ft 
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TRIAL  DESICN  4.34G 


CONFIGURATION: . 

One  story  cubicle  (see  Figure  4-3) 

STRUCTURAL  SYSTEM: 

Structural  steel  framing  system- style  A- single  with  one 
interior  partition. (see  Table  4-3) 


DESIGN  PARAMETERS: 

q  =  10  psi  equivalent  pressure  including  weight  of  slab  and- earth  cover 
L  =  7.0  ft 

(a)  Roof  and  Ground  Slab  Design  and  Cost  Factors 
Same  as  Trial  Design  4.  34  A 

(b)  Interior  Beam  Design 

Assume  beam  width  x  4.  00  in.,  L=  6.  50ft  (from  Design  Example  4.  34E) 
From  Section  3.24  assume  L  £  (shear  governs) 


qvBL 


dy 


10  X  7.  33  X  6.  50 
44,  000 


0. 0108 


Try  10  Jr  9 
From  Table  3-3 


q  B  L 

- =  0.  01  242  >  0.0108  O.K. 

dy 

Assuming  the  use  of  an  interior  column  with  D  >  6,  00  in.  ,  the  clear 
span  L  between  columns  become  6.  50  -  0,  50  =  6.  00  >  5.  55  .  From 
Table  3-3  for  a  10  Jr9  moment  governs. for  L  Lj  , 


qbBL 

fdy 


10  x  7.  33  x  (6.  00) 2 
44,000 


2640 
44, 000 


0. 0600 
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From  Table  3-3  for  L»  >  Lr  ,  10  Jr9 

fv 

q.BL2 

-  =  0.06893 

dy 

.06893  .0600  required  O.  K. 

Use  10  Jr  9  beam 

The  detailed  design  of  horizontal  shear  connectors  is  beyond  the  scope 
of  this  preliminary  design.  However,  this  problem  Bhould  be  considered, 
particularly  in  beams  subject  to  moment-type  failures,  to  ensure  that  no 
separation  between  beam  and  slab  occurs  which  would  allow  premature 
failure  by  lateral  buckling  of  the  compression  flange  of  the  beam. 

(c)  Interior  Beam  Coat  Factors 

Ct  =  wXs  (3.  23.  13) 

Ct  =  0.  1 83  Sc  9  =  $1.65 

+  0,  25  cost  allowance  for  shear 

connectors 
1 . 90  $/ft 

(d)  Exterior  Side  Beam  Design  and  Cost  Factors 
Same  as  used  for  interior  beam. 

(e)  Interior  Column  Design 

The  solution  of  ultimate  load  equations  for  an  axially  loaded  steel  column 
is  quite  dependent  upon  the  pioperties  of  the  assumed  section.  The 
simplest  design  approach  is  to  choose  a.  section  and  then  investigate  it 
to  see  if  it  is  adequate.  Since  a  10  Jr  9  is  used  as  the  interior  beam, 
the  detailing  problems  of  the  beam-column  connections  are  minimized, 
if  the  same  section  is  ueed  for  both  the  interior  beam  and  column. 
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Load  acting  on  column 


P  =  144q  L^  (approximate  load)  (4.34.3) 

P  =  144  x  10  x  49  =  70,  500  lbs 
Ultimate  capacity  of  the  column,  10Jr9. 

p  =  [‘ -  (s5«nrg  JQ] 

P  =  Z.  ii  x  44,  000  [l  -  (sSoo  *  o!  48  *  •/**•  °00)]  ■  ?5'50“lb” 

70,  500  <  75,  500  Use  10  Jr  9 

Normally-  the  use  of  higher  strength  steels  results  in  greater  economy. 
In  this  example,  however,  the  design  load  is  such  that  the  rolled  steel 
shapes  are  at  the  Lower  limit  of  their  applicability. 

(f )  Interior  Column  Cost  Factors 

Ct  =  wXg  (3.  23.  13) 

Ct  =  9  x  0.  183  =  1. 65$/ft 


( g)  Eccentrically -Loaded  Side  Column  Design 

To  avoid  confusion  it  must  be  understood  that  in  the  design  of  the 
eccentrically-loaded  column,  because  of  the  particular  structural 
arrangement  used,  the  values  for  B  and  L  are  the  reverse  of  those 
used  in  the  design  of  the  interior  beam  and  column. 
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From  the  procedure  outlined  in  Section  3.24  and  Table  3-6,  actual 
inverse  column  resistance  function  required 


fdy  _  60. 000  ,  ,, 

qBL  10x6.5x7.0“  5 

Try  10B11.5  since  L^v  =  6. 60  <  7. 00  ft 
Use  the  third  form  of  Equation  3,24.  6 

J|L  =  ^L+k2  +  0.667k3L  (3.24.6c) 


=  Mul5.  +  23.37  +  (0.667x16.64x7.00) 


106,  5  <  132  .'.  O.K. 


Use  10B11.5  for  eccentrically-loaded  side  wall  design. 

(h)  Eccentrically-Loaded  Side  Column  Coat  Factors 

Ct  =  wXs  (3.23.13) 


Ct  =  11. 5  x  0.  202  =  2.32  $/ft 

(i )  Concrete  MaBpnry  Wall  Design 

See  Trial  Design  3.  34  F  (k)  for  detailed  analysis 

Assume 

D  a  6 in,  RCMU  V  =  1000  psi 

cm 

L  3  6.  50  ft  E  3  1  x  1  06  pgi 


e 


cm 


1000 
1  x  106 


0.  001  in.  /in. 


12  L  _  12  x  6,  5 
D  6 


1  3.  0 
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R  =  °~°-1  (13. O)2  =  0.0423 

From  Table  3-66  for  R  =  0.0423  and  12L/D=  13.0 

jp—  =  0.0093  q  =  1000  x  0.0093  =  9.3  pai 

cm 

9.  3  >  5.  0  .'.  O.  K. 

Four  corner  posts  of  the  same  size  used  in  Trial  Design  4.  34F  are 
used  to  provide  rigid  supports  for  the  masonry  walls  at  the  ends  of  the 
structure. 

(j )  Concrete  Masonry  Wall  Cost  Factors 


4"  RCMU,  Ct  =  1.01  $/sq  ft;  6"  RCMU,  ='1.10  $/sq  ft 

(k)  Foundation  Design  and  Unit  Costs 
Same  as  Trial  Design  4.  34A 

( l )  Required  Excavation 

Approximately  the  same  as  Trial  Design  4,  34  F 

(m)  Entrance  Way 
From  Table  4-7 

Ct  =  $2750 

( n)  Total  Cos t 


Roof  Slab 

1 . 66  x  1  5.  5  x  60. 0  = 

1544 

Ground  Slab 

1 . 37  x  15. 5  x  60.0  = 

1273 

Interior  Beam 

1 . 90  x  2  [59.0  -  (0.  83  x  8)  j  = 

199 

Exterior  Beam 

1.90  x  59.0  x  4  =: 

448 
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Interior  and  End  Wall 
Columns 

Exterior  Columns 

Concrete  Corner  Posts 
(from  Trial  Design  4.  34F) 

Exterior  Side  Wall 
6  in.  RCMU 

End  Wall  6  in.  RCMU 

Excavation 

Back  Fill 

Haul 

Entrance  Way 


1.  65  x  8.  0x10  = 

132 

2.32x8.0x8x2  = 

297 

5. 31  x  8.  75  x  4  = 

186 

1.  10  x  59.0  x  (8-  1.  66)  x  2  = 

823 

1.  10  x  14.  5  x  8.0  x  2  = 

255 

0.036  x  26,  800  = 

965 

0.033  x  (26,  800  -  8150)  = 

61 5 

0.026  x  81  JO  a 

212 

2750 

Total 

$9699 

(o)  Cubicle  Net  Floor  Area 

Approximately  850  sq  ft 

(p)  Cubicle  Net  Volume 

Approximately  6800  cu  ft 


TRIAL  DESIGN  4.  34H 

CONFIGURATION: 

One  story  cubicle  (see  Figure  4-9) 

STRUCTURAL  SYSTEM: 

Wood  framing  system- style  A- single  with  one  interior  partition, 
(see  Table  4-3) 


DESIGN  PARAMETERS: 

q  =  10  psi  equivalent  pressure  including  weight  of  roof  and  earth  cover 
L  =  7.  0  ft 


(a)  Frame  Design 

Assume  that  applicable  timber  properties  are 
=  2000  psi 

fvh  =  120  psi 

f  =  1750  psi 

c  r 

Check  for  horizontal  shear,  assuming  B  =  1 . 25  ft 
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Section 


Required 


qB  L  =  10  x  1. 25  x  7.0  =  87.  5 


Try  4  in.  x  6  in. 

From  Table  3-65 

q  BL 

“7 -  =  0.  755  q  B  L  =  0.  755  x  120  a  90.6 

vh  v 

90.6  >  87.5  O.  K.  for  horizontal  shear 


Check  for  flexure 
Required 

qBL2  =  10  x  1.  25  x  49  s  613 

Try  4x6 
From  Table  3-65 
qBLZ 

Fixed  end  — -  =  0.346  qfBL‘  =  0.  346  x  2000  =  692 

61  3  <  692  O.  K.  for  flexure 

Use  4in,  x6in,  on  1 .  25  ft  center s 
59 

■j — 25  46  +  2  =  48  frames  required 

( b)  Deck  Design 

span  between  ribs  =  1.25  -  0.33  =  0.92ft 
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Check  for  horizontal  shear 


Required 


qB  L,  =  10x1,0x0.92  =  9.2 
Try  d  =  1/2  in. 


q  BL 
fvh 


bD 

27 


(3.43.  10) 


9VBL 

fvh 


12  x  0.50 
27 


=  0.222 


q  BL  :  0.  222  x  120  =  26.  6 


9.  2  <  26.6  O.K.  horizontal  shear 


Chock  for  moment 
Required 


q  x  B  x  L,2  =  1  0  x  1  x  (0.  92)2  =  8.46 


qfBL  bD2  12  x  (0.  5)2  . , 

=  124  =  324  =  0.00926 


‘f 

qfBL2  =  0.00926  x  2000  =  18.5 

8. 46*=:  18.5  .'.  O.K.  for  moment 
Use  3/4in.  dressed 


(3.43.  11) 


(c)  Interior  Beam  Design  (Doorway  Lintel) 

Only  one  interior  beam  span  is  required  to  afford  access  between  the 
shelter  bays. 
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Check  for  horizontal  shear 


qBL  =  10  x  7.5  x  4.68  =  351 

Assume  6  in.  xl6in.  section 

From  Table  3-65  and  Equation  3,43.10 

3.157  x  120  as  379  “>  351  .'.  O.  K.  horizontal  shear 

Check  for  moment 
Assume  simple  support 

qBL2  =  10  x  7.  33  x  (4.67)2  =  1599 

for  6  in.  x  1 6  in. 

From  Table  3-65  and  Equation  3.43.  11 

4.078  x  2000  *  8156  >  1605  .\  O.  K.  moment 
(d)  Interior  Column  Design 

P  =  144  qBL 

P  =  144  x  10  x  1.25  x  7,5  =  1 3.  5  Kips/col. 


P  13,500  .  „„ 

4r  •  r^Yy-so  -  ‘',3,qin' 

c 

Use  4in.  x  4  in.  post,  minimum  size  recommended 
(c)  Column  Area  Required  to  Support  Doorway  Lintel 
P  =  144  ^ICx^^j  x  7.  5  =  32  Kips 
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32,  OOP 
4  x  1750  ~ 


4.  5  aq  in. 


Use  4in.  x4in.  post,  minimum  size  recommended 

(f )  Required  Excavation 

1)  Minimum  depth:- 

2)  Full  burial  requirement: 

3)  Radiation  requirement: 

dg  =  3.50  +  0.  02  q 

Use  h  =  d  =  3.50  +  0.20  *  3.70ft 
e 

Total  depth  of  excavation 

The  total  depth  of  burial  includes  the  earth  cover  h, 
o'  the  structure  H,  the  total  thickness  of  the  timber 
bottom,  plus  the  thickness  of  the  decking. 

*  =;H+-;H+^r 


h  =  3.  50  ft 
h  =  0.  00  ft 


z  =  3.  70  +  8.  00  +  1.  25  =  12.  95 


Volume  of  excavation  (from  Equation  4.  24.  1) 

Vol.  =  — [(59.17  x15.67)  +  (85.07  x  41. 57)] 


Cubicle  gross  volume 


Vol.  =  LtBt 


(D  ,+  D„ 

■u  ,  roof  floor 

H+(  12 


Vol.  =  59.17  x  15.67 


/  7  ■  00  +  8.1 
12 


8.  00  — ) 


(4.23.  lb) 

the  interior  height 
frames,  top  and 

(4.  34.  1) 

28,  900  cu  ft 

(4.  34.  ?.) 

=  8  580  cuft 
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(g)  Dead  Men 


Two  dead  men  are  required  to  carry  a  portion  of  the  loading  on  the 
end  walls. 

CT  =  $300 


(h)  Entrance  Way 


From  Table  4 

-4 

Ct  =  $2750 

(i)  Total  Cost 

Wood  Frame 

0.  35  x  2. 0  x  £{2  x  15.  5)  +  (2  x  8. 08) 

jx  48  a  1585 

Frame  Corner  Joint 

2.  00  x  4  x  48  = 

384 

Frame  Post  Joints 

1.00  x  2  x  {24  +48)  « 

144 

Wood  Deck  Overhead 
and  Ground  Slabs 

0.35  x  0.75  x  15.5  x  59.00  x  2  = 

480 

Water  Proofing 

0.10  x  15.5  x  59.00  x  2  = 

183 

Wood  Floor 

0.35  x  1  x  14.  17  x  59.0  = 

293 

Wood  Deck  Sides 

0.35  x  0.75  x  9.25  x  59.00  x  2  = 

287 

Water  Proofing 

0. 10  x  9.25  x  59. 00  x  2  * 

109 

Wood  Deck  Ends 

0.35  x  9.25  x  15. 66  x  2  = 

101 

Water  Proofing 

0,10  x  9.25  x  15.66  x  2  = 

29 

Interior  Columns 

0. 35  x  1 . 33  x  8.  08  x  45  = 

170 

End  Columns 

0.  35  x  1.33  x  8.  08  x  12  x  2  = 

90 

Interior  Beam 

0,35  x  8x5,33x2  = 

30 

Excavation 

0.036  x  28, 900  a 

1040 

Back  Fill 

0.033  x  20, 320  = 

671 

Haul 

0.026  x  8580  = 

223 

Dead  Man  Each 

End  Wall 

300. 00  x  2  = 

600 

Entrance  Way 

2750 

Total 

$9169 

(j)  Cubicle  Net  Floor  Area 

Net  floor  area  is  14.  17  x  59.  17  =  840  sq  ft 
(k)  Cubicle  Net  Volume 


Net  volume  is  840  x  8.  0  =  6720  cu  ft 


4-83 


4.  4  Reinforced  Concrete  and  Steel  Arch  and  Cylinder 
4.  41  Introduction 

The  steel  or  reinforced  concrete  barrel  arch  or  cylinder  configura¬ 
tions  utilize  the  inherent  ability  of  such  shell  structures  to  resist  compressive 
loadings.  Major  material  savings  are  obtained,  in  comparison  with  cubicles, 
and  some  flexibility  is  still  possible  in  interior  layout.  These  structures  can 
withstand  high  overpressures,  and  their  singly-curved  surfaces  can  be  formed 
without  too  much  difficulty. 

Rib  arch  and  cylinder  shelter  configurations  are  not  considered  as 
optimum  underground  shelter  designs  where  only  the  compression  failure  models 
considered.  The  "cumulative"  load  effect  discussed  in  Section  4.33  makes  this 
configuration  uneconomical  in.  competition  with  the  barrel  shell  in  all  pressure 
ranges.  However,  rib  stiffeners  can  be  used  to  strengthen  conventional  structures. 

4.  42  Layout  Studies 

The  figures  accompanying  the  design  examples  in  this  section  show 
the  details  of  the  layout  scheme  considered  as  optimum  in  the  cylinder  and 
arch  configurations.  In  general,  the  layout  criteria  used  in  this  section  are 
the  same  as  those  used  in  the  cubicle  {see  Section  4.  21). 

4.  43  Design  Alternatives 

(a)  Reinforced  Concrete  Cylinder 

The  advantages  of  this  type  of  construction  is  the  great  savings  in 
the  required  volumes  of  structural  material,  as  compared  to  the  cubicle  form. 

Its  main  disadvantage  is  the  greater  depth  of  excavation  which  is  required. 

While  the  cylinder  can  have  either  dome  or  vertical  end  walls,  economic 
design  dictates  the  use  of  dome  ends  in  all  pressure  ranges. 

(b)  Steel  Cylinder 

The  design  considerations  discussed  in  connection  with  reinforced 
concrete  cylinders  are  also  applicable  to  steel  cylinders.  Both  uniform 
thickness  and  corrugated  sleel  plate  are  available  for  use. 

(c)  Reinforced  Concrete  and  Steel  Arch 

This  design  has  the  same  vertical  end  wall  and  material  choices 
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found  in  the  cylindrical  shape.  A  slight  economic  advantage  favoring  the 
use  of  the  vertical  end  wall  exists  in  the  lower  pressure  range.  Steel  archeB 
normally  will  require  a  dead  man  to  carry  a  portion  of  the  load  on  the  vertical 
end  wall.  While  the  large  burial  depth  requirement  of  the  cylinder  is  reduced 
by  the  use  of  an  arch,  it  becomes  necessary  to  provide  a  foundation  for  the 
structure.  This  frequently  becomes  a  major  item  of  expense,  and  limits  the 
usefulness  of  the  arch  configuration.  The  arch  shape  can  be  considered  as  a 
compromise  between  the  cubicle  and  cylinder  structural  syst  is. 


4.  44  Sample  Analysis  and  Cost  Evaluation 

TRIAL  DESIGN  4.  44A 

CONFIGURATION: 

One  story  15  ft  cylinder  (see  Figures  4-10  and  4-11) 

STRUCTURAL  SYSTEM: 

Reinforced  concrete  cylindrical  shell 


DESIGN  PARAMETERS: 

q  =  100  psi  equivalent  pressure  including  weight  of  earth  cover 

s  15.0ft  clear  span 


(a)  Cylindrical  Concrete  Shell  Design 

Take  D  =  3.  00  in.,  =  15.50  ft  (including  shell  thickness) 

qcSL  100  x  15.50 
D  “  3.00  =517 
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2>-8l! 


i 


f  igure  4-  1  0 

CROSS-SECTION  THRU  HORIZONTAL  CYLINDER 
SINGLE  STORY,  15'-0"  DIAMETER 


TRIAL  DESIGN  4.  44A 
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5'-7" 


8 

I 

1 

I 

I 

I 

1 

1 


F  j.gu  :c  e  4-11 

INGLE  STORY  HORIZONTAL  CYLINDER,  15'-0"  DIAMETER 


TRIAL  DESIGN  4.  -14A 


Floor  Plan 


For  use  in  Table  3-58 


Aflsume  =  0.  50%,  f'^c  =  3750,  f^  =  60,  000  psi 


q  Sr 
L 

D 


583  >  517 


O.  K. 


A  val'.  u  of  f^  =  44,  000  or  52,  000  psi  would  also  be  acceptable  in  this 
case,  but  since  no  differential  in  cost  exists  between  the  60,  000, 

52,  000  and  44,  000  psi  reinforcing  rod  steels,  no  attempt,  ia  made  to 
use  a  lower  strength  steel. 


(b)  Cylindrical  Shell  Cost  Factors 

Concrete  C  =  X 

c  \  1 2/  c 


(3.  37,  3b) 


nr!r  x  1,05 


0.27  $/sq  ft 


Main  Steel  Cg  =  Q^)Xg 


(3.  37.  4a) 


C  a 

B 


3,00 

12 


x  0.  005  x  85,  8 


0.  11  $/sq  ft 


Temp.  Steel 


st 


X 

s 


Cat  =  HIT  X  °'  001  x  78'  8  =  °-  02  $/sq  ft 


(3.  37.  5) 


F  ortns 


Cf  " 


C£  =  l,40$/sqft 


(3.  37,  6b) 
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Summary 


(  c)  Dome  End  De 


c 

c 

= 

0.  27 

c 

s 

= 

0,  11 

Cst 

a 

0.  02 

cf 

a 

1.40 

Ct 

a 

1.80  $/sq  ft 

The  design  load  is  half  that  acting  on  the  cylinder,  therefore,  minimum 
dimension  will  govern. 


D  =  3.00,  f'dc  =  2500  psi,  *  60,  000  psi  and  =  0.50% 


(d)  Dome  End  Cost  Factors 
Concrete 


00  =  0.  25  $/sq  ft 


from  (3.35.33a) 


Steel 


C 


8 


1.0 

100 


85.  8 


0.  22  $/sq  ft 


from  ( 3.  35.  34a) 


F  orms 


Cf  =  1.  75  $/sq  ft 


from  (3.  35.  36a) 


Summary 


C  ’  =  0.25 

c 

C  =  0.22 

S 

Cf  =  1.75 

Ct  =  2.  22  $/sq  ft 


(e)  Internal  Structure 

The  floor  system  is  designed  for  100  psi  working  load. 
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(1)  Floor  slab  (one-way) 

Assume  a  binged  at  connection  with  shell.  From  Table  3-12, 
for  9'  =  0.25,  f'c  =  4000  psi,  and  =  60,  000  psi,  (assumed  to  be 
optimum  values)  we  find  that  i i  =  0,  46  percent.  Solving  for  d 
(Eq.  3.  33.  10)  we  obtain 

Cost  factors  d  =  2.4  in. 

Use  d  =  2.5  in,  and  D  =  3.5  in. 

Concrete 

Cc  =  x  1.21  =  0.35  $/sq  ft  from  (3.  33.  30a) 

Main  Steel 

c  =  5  x  i  a  *  —  x  ■??. ,.5. —  =0.11  $/sq  ft  (approximated  from 

8  l2^0  derivation  of  3. 33. 30b) 


Temp.  Steel 


3.50 


st 


x  0.001  X  78.8 


0.02$/BQft  from  (3.  33.  30d) 


Forms 


Cf  =  0. 92  $/sq  ft 


from  ( 3.  33.  30e) 


Summary 


0.35 

0.11 

0.02 

_0_._92 _ 

1 . 40  $/ sq  ft 
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Gross  floor  area  =  (50  x  14.  0)  +  (7Tx  7. 02)  =  700  +  154  =  854  sq  ft 

(2)  Floor  support  angle  (no  isolation  included) 

Use  15  lb  /ft  angle 

Straight  section  =  100.0ft  Unit  cost  3.00  $/ft 
Curved  section  =  44.0  ft  Unit  cost  5.50  $/ft 

(f)  Required  Excavation 

(1)  Minimum  depth  h  =  3.50  ft 

(2)  Minimum  depth  of  burial 
From  Section  4.  23 


h  =  0. 143Sl 

h  =  0.  143  x  15.25  =  2.  20  <  3.  50  not  critical 
(3)  Radiation  required  depth 

d0  =  3. 50  +  0.  02  q  (4.  21.  lb) 

h  =  d0  =:  3,  50  +  (0.  0,2  x  1  00)  =  5.5  ft  this  governs 

Total  depth  of  excavation 

See  Sample  Design  4.  34  B  for  detailed  method  of  evaluation. 

from 

z  =  5.  50  -  (1 . 5x0.  25)  +  15.  00  +  0.  50  =  20.  625ft  {4.  34.  1) 


Following  the  criteria  presented  in  Section  4.24, 
Total  gross  volume  of  excavation 


Vol. 


20. 625 
2 


(50.00  x  15.50) +(91.25  x  56.75) 


(approximate) 


61,  500  cu  ft 


from  (4.  24.  1) 
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Shelter  gross  volume 


£2 ,  ,  ^.£1 i 


\T  _  1  —.  ~\—i ML  r  i  ^  ^  L.  Jrfl 

Vol.  =  *■  4  Lt  +  3  g 


Vol.  =  X  50  +  yx  7f  X  -^-5g =  11,  250  cu  ft 


(g)  Entrance  Way 
From  Table  4-4 

CT  =  $4110 


(h)  Total  Cost 

Cylindrical  Shell 

1.80  x  15.25  X7fx  50.0  * 

4320 

Dome  Ends  Shell 

2.22  x  (15.  25)^  xTf  = 

.  1628 

Internal  Floor 

1. 40  x  854  « 

1194 

Int.  Angle  Support 

(3.  00  x  100.0)  +  (5.  50  x  44.  0)  = 

542 

Excavation 

0.036  x  61,500  = 

2210 

Back  Fill 

0.033  x  (61,  500  -  11,  250)  = 

1 660 

Haui 

0.  026  x  11, 250  = 

293 

Entrance  Way 

4110 

Total 

$15,  957 

(i)  Net  Floor  Area 

Net  floor  area  (head  room  5'-7")  is  approximately  850  sq  ft. 

(j)  Net  Volume 

Net  volume  of  shelter  is  approximately  10,  600  cu  ft. 
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TRIAL  DESIGN  4.  44B 

CONFIGURATION: 

Two  story  cylinder  (see  Figures  4-12  and  4-13) 

STRUCTURAL  SYSTEM: 

Steel  cylinder  18,  5  ft  diameter 

DESIGN  PARAMETERS: 

q  =  100  psi  equivalent  pressure  including  weight  of  earth  cover 

S  =  18.  5  ft  clear  span 

L 

(a)  Nominal  Design  Load  on  Cylinder 

6  q  S^  =  6x100x18.5=  11, 100  lb/linear  inch  of  shell 

(b)  Steel  Cylindrical  Shell  Design 
From  Table  3-8 

A  uniform  thickness  1/4  in.  plate  made  from  a  steel  having  a  dynamic 
yield  strength  equal  to  44,  000  psi  has  a  dynamic  yield  strength  equal 
to  11,  000  psi. 


1  1, 000  «  10,  800  O.  K. 

Use  l/4in.  plate,  f^  =  44,  000  psi 

( c)  Steel  Cylindrical  Shell  Cost  Factors 

From  Section  2.  22  for  1/4  in,  plate  f^  =  44,  000  psi 
from  Table  2-5 


and  single  curvature 


X  =  3.  21  $ / sq  ft  of  shell 


(d)  Steel  Dome  F.nd  Design 

The  design  load  of  the  dome  ends  is  only  one-half  that  of  the  cylindrical 
sides.  Therefore,  1  /4  in.  plate  with  f^  =  44,  000  psi  will  also  be  used  for 
the  ends. 
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Figure  4- 12 

CROSS  SECTION  THRU  2  STORY  HORIZONTAL  CYLINDER 
18'-6"  DIAMETER 

TRIAL  DESIGN  4.  44B 
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1st  Story  Floor  Plan 


( e)  Steel  Dome  End  Coat  Factors 

From  Section  2.22  for  1/4  in.  plate  fdy  =  44,  000  psi  and  double 
curvature 

X  =  4.  45  $/eq  ft  of  shell 
s 

(f)  Internal  Structure  Design  (no  shock  isolation  included) 

Both  the  first  and  second  floors  of  the  shelters  are  designed  to  carry 
a  100  psi  load. 

Assuming  a  simply  supported  one-way  slab, 

First  floor  - 

3  1/2  in.  reinforced  concrete  slab  (see  Trial  Design  4.  44A). 

^  s=  0.  46  percent 

£'  s  4000  psi 
c 

Use  **  12  lb/ft  angle  support 
Second  floor  - 

4  in.  reinforced  concrete  slab  (d  a  3.0  in.,  D  =  4.0  in.) 

<t>c~  0.  46  percent 

f 1  s  4000  pai 

Use  **  16  Ib/ft  angle  support 

Slab  thickness  is  held  to  a  minimum  to  provide  maximum  head  apace. 

(g)  Internal  Structure  Cost  Factors  (no  shock  isolation) 

First  floor  slab  - 

Concrete 

C  =  -,;4°-  x  1.21  =  0.35  $/sq  ft  from  (3.  33.  30a) 

c  1^ 
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Main  Steel  C 

8 

Temperature  Steel 

F  orms 
Summary- 


Second  floor  slab- 
Concrete 

Main  Steel 

Temperature  Steel 


1.5  x  78.8  x  0.46  x  2.  5 

TzUo~ 


=  0.11  $/ sq  ft  (^ee.Trif^A, 
^  Design  4.  44A) 


3  50 

G st  =  — irz —  x  0,001  X  78.8  =  0.02  $/sq  ft 


Cf  -  0.92 


from  (3.  33.  30d) 
from  (3.  33 . 30  e) 


C  =  0.35 
c 

C  =  0.11 


Cat=  0.02 

Cf  =  -°l9L 


Ct  =  1.40  $/sq  ft 


Cc  =  x  1-21  =  0.40  $/ sq  ft 


o  _  1 . 5  x  78. 8  x  0. 46  x  4.  0 

s  T2T50 


from  (3.3.3 ,30a) 


0.18  $/ sq  ft 


cst  =  x  0. 001  x  78.  8  =  0. 03  $/sq  ft 

from  (3.33. 30d) 


F  orms 

o 

II 

U 

Summary 

c 

c 

=  0.40 

c 

=  0.18 

s 

Cst 

=  0.03 

cf  =  0-93 
Ct  =  1.54  $/ 

(h)  Angle  Support  Cost  Factors 
From  Section  2.29 
First  floor 

Straight  Xg  =  2.  50  $/ft 


$/sq  ft  from  (3.33  ,30  c) 


ft 


Second  floor 
Straight  Xg  =  2.50  $/ft 
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Curved  Xg  =  5.00  $/ft  Curved  Xg  =  5.00  $/ft 

Stairway  from  first  to  second  floor 
From  Section  2,29 

CT  =  $600 

(i)  Required  Excavation 

(1)  Minimum  cover  h  =  3.  5  ft 

(2)  Cover  required  for  full  burial 

h  =  0.1433^=  0.143  x18,5  =  2,  64  ft 

(3)  Radiation  burial  requirement 

de  =  3.5  +  0 . 02q  (4.21. lb) 

h  =  dg  =  3.  5  +  (0. 02  x  100)  =  5.  5  ft 
Total  depth  of  excavation 

21=  18.  50  +  5.50  =  24.  00  ft  from  (4.  34.  1 ) 

Total  volume  of  excavation  (see  Section  4.24) 

Volume  -  00  i  (30.  0  x  18.  5)  +  (78.  0  x  66,  5)j(approximately) 

=  68,  900  ou  ft  from  (4.  24.  1) 

Shelter  gross  volume 

2  2 

Volume  =  3.  14  x( -8-^-5°)  ■  x  30.0  +|-  x  3.  14  xii|l5L  =  11,  380  cu  ft 

(j)  Entrance  Way 

From  Table  4-4 

Ct  =  $4050 


(k)  Total  Cost 

Steel  Cylindrical  Shell 

3.21  xjfx  18.5  x  30.0  = 

5600 

Steel  Dome  Ends 

4,  45  x  jf  x  18.5^  = 

4790 

First  Floor  Slab 

1 . 40  x 

[  (9. 0  x  30. 0)  +(4.  5  x  7T)1  = 

466 

Second  Floor  Slab 

1 . 56  x  | 

.  2 
'(30.0x18.  5)  +  (^i-x7r)] 

=  1269 

First  Floor  Angle  Support 

(2. 50  x 

2  x  30.0) +(5.00  x  28. 3) = 

292 

Second  Floor  Angle  Support 

(2,  50  x 

2  x  30)  +  (5.00  x  58.0)  = 

440 

Stairs 

Excavation 

0,036  x 

68,  900  = 

600 

?,  V  .0 
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Back  Fill 

0.033  x 

(68 

,  900  -  11, 380)  = 

1900 

Haul 

0.026  x 

11, 

380  = 

296 

Entrance  Way 

4050 

Total 

22, 183 

(l)  Net  Floor  Area 

Net  floor  area  (headroom>5'-7")  is  approximately  850  sq  ft. 

(m)  Net  Volume 

Net  volume  of  shelter  is  approximately  11,  380  cu  ft. 

TRIAL  DESIGN  4.  44C 

CONFIGURATION; 

One  story  18.  Skiameter  arch  (see  Figures  4-14  and  4-15) 
STRUCTURAL  SYSTEM: 

Steel  cylindrical  barrel  arch  (corrugated)  with  vertical  ends 
DESIGN  PARAMETERS: 

q  =25  psi  equivalent  pressure  including  weight  of  earth  cover 
S  =  18.  5  ft 

Li 

(a)  Nominal  Design  Load 


6  q  L  =  6x  25  x18.5  =  2770  lb  /in.  of  shell 

(b)  Corrugated  Steel  Shell  Design 
From  Tabic  3-7 

For  No.  12  gage  fj  =  44,  000  psi 

P  =  5700  lb  /in. 


Multiplying  this  value  by  the  seam  reduction  factor  discussed  in 
Section  3. 26, 


5700  x  0.70  =  3990  >  2770  O.K. 
Use  12  gage  corrugation 

(c)  Corrugated  Shell  Cost  Factor 

From  Section  2,22  Table  2-6 


(d) 


C  =  2.84  $/ sq  ft 


End  Wall  Design 

End  walls  for  cylinder  and  arch  configurations  are  designed  as  a 
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3"  RC  floor 

_ *8.:,-$" 


Figure  4-14 

ONE  STORY  ARCH,  18'- 6"  DIAMETER 
TRIAD  DESIGN  4,  44C 


2,-0"  footing 


4-  100 


1 

1 


I 

j 


] 

I 

1 


I 

I 

I 


FLOOR  PLAN  OF  ONE  STORY  ARCH,  18'-6"  DIAMETER 
TRIAL  DESIGN  4  44C 
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two-way  simply  supported  reinforced  concrete  slab  (o<  =  1)  having  a  span 
length  equal  to  in  the  case  of  cylinders  and  S^/2  for  arches.  The  unit 
loading  is  taken  as  one-half  that  load  acting  radially  on  the  shell. 

_  ^shell 
^end  wall  -  2 


q  =  -~y =  12,5  psi 
L  =  1|-  5-  =  9 ..  25  ft 

Check  to  see  if  minimum  dimension  wall  D  =  6.  00  in, ,  (4  =  0.5  percent 
is  adequate.  From  Table  3-16,  for  =  60,  000  psi,  f'c  =  4000  psi,  =  0, 
and  9'  =  0.  25,  we  find  =  (6r  =  0.  091  percent  for  q.  =  q 

OC  DC  ^sc 

Also,  for  q  =  12.5  psi  and  Lg  =  L,^  =  9.25  ft, 
d  =  1 1 . 5  in. 

D  =  13.0  in. 

We  will  use  it  =  0.  50  percent,  hence  actual  *6gc  =  9  =  28‘ 

This  simply  means  that  the  slab  has  additional  strength  in  the  tensile  flexural 
mode  but  will  still  (according  to  the  fundamental  analysis)  be  limited  by  its 
diagonal  tension  resistance. 

Dead  men  are  required  to  carry  a  major  portion  of  the  reaction  of  the 
end  wall,  since  the  corrugated  steel  cylinder  cannot  be  expected  to  withstand 
large  compressive  loads  directed  along  its  longitudinal  axis. 


(e  J  End  Wall  Coat 
Concrete 

Main  Steel  C 

s 


C  = 


c  =  °  x  1.21  =  1.31  $/sq  ft  from  (3.33.30a) 

2  x  78.  8  x  0.  50  x  13.0 


1200 


=  0.85  $/sq  ft 


(approximate-provides  for  0.25  percent 
steel  in  each  face  in  each  direction,  without 
allowance  for  end  anchorage) 

Temperature  Steel  None  required 

Forms  C  =  1.00$/sqit  from  (3 . 35.  36a) 
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Summary 
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Main  Steel 


17  TW 


(3.39. 10a) 


Temperature  Steel 


i.  'ill 

~Y2 —  x  004  X  78.  8  =  0.  12  $/sq  ft 


D  I  \ 


t  T2  I  1 00  J  s 


(3.39.11) 


cBt  =  — j2~  x  0.001  x  78.8  =  0.06  $/sqft 


Forma 


Summary 


Cf  "  Xf 


(3.  39.  12) 


=  0.75  $/sq  ft 

C  =0.64 
c 

C  =0.12 


Cat=  0.06 
Cf  =  °- 75 


Ct  =  1.5  7  $/ sq  ft 
(2)  Side  foundation  wall 


Concrete 


Main  Steel 


Cc  =  — x 2  x  1- 00  =  0,  50  $/sq  ft  from  (3.  35.  33a) 


x  0.005  x  78.8  =  0. 20  $/sqft 


from  (3.  35.  34c) 


Temperature  Steel  Cgt  =  2^™.  x  0.  001  x  78.  8  =  0. 04  $/sq  ft 


Forms 

Summary 


cf  =  1,00  $/ sq  ft 


from  (3.  35.  35) 
from  (3.35.  36) 


C  =  0.  50 
c 

C  =0.20 
s 

C  =  0.  04 
st 

Cf  =  1 • 00 


ct  =  1  •  74  $/ sq  ft 
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(3)  Floor  slab 

Same  as  Trial  Design  4.  34B-3  in.  mesh-reinforced  slab. 

C  =  0,  91  $/ sq  ft 

(h)  Required  Excavation 

(1)  Minimum  depth  h  =  3. 5  ft 

{2)  Minimum  depth  required  for  full  burial 

h  =  0. 143  S, 

Xj 

h  =  0. 143  x  18.  5  =  2.  64  ft  <  3.  5  ft  not  critical 


(3)  Radiation  required  depth 

d^  =  3.5+0. 02q 

h  =  d  =  3.  5  +  0. 02  x  25  =  4.  0  ft  >  3.  5  ft 
e 

Total  depth  of  excavation 

z  =  4.0  +  9.25  x  0.25  =  13.  50  ft 

Following  the  criteria  presented  in  Section  4.  24, 
Total  volume  of  excavation 

Volume  =  * -f-5  °  [(  62.1  7  x  I  8.  5)  +  ( 89- 1  7  x  45.50)] 
=  35,  100  cu  ft 


Shelter  gross  volume 


18  5  *rf 

— 3 -  X  62.17  X  -  8350  cu  ft 

Trenching  volume  and  cost  factor 

width  of  footing  trench  =  3,  0  ft 
depth  of  footing  trench  -  1,67  ft 


(4.  21.1b) 
this  governs 

from  (4.  34.  1 ) 


from  (4.  24.1) 


C^_  =  0.  10  x  1. 67  x  3.0  =  0 ,  50  $/ft  of  trench 


(i )  Entrance  Way 

From  Table  4-4 

CT  =  $3050 

(j  )  Total  Cost 

Cylindrical  Shell  2.  84  x  - — —  x  77  x  60.0  =  4950 

“  2 

End  Walls  3,  16  xffx  x  2  =  850 
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Floor  Slab 
Footing 

Foundation  Wall 
Dead  Men 
Trenching 
Excavation 
Back  Fill 
Haul 

Entrance  Way 

(k)  Net  Floor  Area 


0.91  x  60.  0  x  18.5=  1010 

1 .  5?  x  ^{2  x  60.  0  x  2)  +  (2  x  18.  5  x  2)j  =  493 

1.74  x  1.0  x£(2  x  60.0)  + (2  x  18.  5)  J  =  273 

400  x  2  =  800 

0. 50  x  157  =  79 

0.036  x  35, 100  =  1264 

0.033  x  (3  5,  100  -  83 50)  =  883 

0.  026  x  8350  =  217 


3050 


Total 


$13,  869 


Net  floor  area  (headroom  ^  5 7")  is  approximately  885  sq  ft. 

(1  )  Net  Volume 

\  - 

Net  volume  of  shelter  is  approximately  8050  cu  ft. 


TRIAL  DESIGN  4,  44D 

CONFIGURATION; 


(a) 


One  story  18.  5  ft  inside  diameter  arch  (see  Figures  4-14  and  4-15) 
STRUCTURAL  SYSTEM; 

Reinforced  concrete  cylindrical  barrel  arch  with  vertical  end  wall. 
DESIGN  PARAMETERS: 

q  =25  psi  equivalent  pressure  including  weight  of  earth  cover 
=  18.75  ft,  including  shell  thickness 


Concrete  Shell  Design 

Take  D  =  3.00  in.  and  check  for  adequacy. 


qcSL  _  25  x 18, 75 

5  377X5 — 


156 


For  use  in  Table  3-58 

Assume  =  60,  000  psi,  f'(jc  =  2500  psi  and  0.  5  percent 
From  Section  3.37,  Table  3-58 

qcSL 

=  405  >  156  ..  O.K. 

It  is  obvious  from  Table  3-58  a  44,  000  psi  steel  would  also  be  adequate 
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but  there  is  n  j  cost  advantage  in  its  use.  (see  Table  2-7) 
(b)  Concrete  Shell  Cost  Factors 


Concrete  C^  =  —fir  x  1 . 00  =  0. 25  $/sq  ft  from  (3.37.  3b) 

Main  Steel  Cg  =  ^  x0.005  x  85.  8  =  0.11$/sqft 

from  (3 . 37 ,  4a) 

Temperature  Steel  Cg^  =  ~rjr  x  0.001  x  85.3  s  0.02  $/sq  ft 

from  (3.37.  5) 

Forms  Cf  =  1 . 40  $/sq  ft  from  (3.  37.  6b) 

Summary  C  =  0,25 

C  =  o.ll 
s 

C  =  0.02 
at 

Cf  -  1.05 
C  =  1 .  43  $/ sq  ft 

The  total  cost  of  the  rest  of  the  shelter  structure  is  approximately 
equal  to  that  shown  in  Trial  Design  4.  44C.  The  slight  increase  in  overall 
shelter  dimensions  caused  by  the  3. 00  in.  concrete  shell  is  balanced  with 
regard  to  excavation  costs  by  the  decreased  depth  of  burial  afforded  by  the 
inn  protection  given  by  the  shell. 

The  support  for  end  wall  loading  afforded  by  the  3.  00  in.  shell  walls 
permits  the  elimination  of  dead  men  to  support  the  vertical  end  walls. 

i '.  )  Total  Cost 


Cylindrical 

Shell 

1.43  x  -  —jr~  —  x  'jf  x  60.00  = 
c  2 

2  530 

End  Walls 

3.  16  x  77  x  — ^ -  = 

850 

Floor  Slab 

0.91  x  18,  5  x  60. 0  - 

1010 

F  ooting 

1.57  x  ^(2  x  60.0  x  2)  +  (2  x  18.5  x2) 

1  =  493 

F  oundation 

Wall 

1 . 74  x  1 . 0  x  157  = 

273 

Trenching 

0. 50  x  157  = 

79 

Excavation 

0, 036  x  35,  450  = 

1276 

Back  Fill 

0. 033  x  26,  640  = 

880 
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Haul 

Entrance  Way 


0. 02  b  x 8810  = 


229 

3050 


Total  $10,670 

(d)  Net  Floor  Area 

Net  floor  area  (headroom  ^5* -7")  is  885  sqft. 

(e)  Net  Volume 

Net  volume  of  ohcltcr  is  approximately  8050  cu  ft. 

4.  5  Reinforced  Concrete  and  Steel  Dome  and  Sphere 
4.  51  Introduction 

The  two-way  resistance  induced  by  the  double  curvature  of  dome 
and  sphere  shells  permits  design  thicknesses  of  only  half  those  required  for 
cylindrical  or  single- curvature  shells  with  the  same  design  load.  This 
property  makes  the  double  curvature  shell  particularly  suitable  for  use  in  the 

very  high  overpressure  ranges.  As  explained  in  Sections  3,37  and  3.38,  it 
(1  3) 

is  assumed  ’  that  lateral  soil  restraint  will  preclude  any  buckling  of  the 
shells  prior  to  yielding  in  a  compressive  failure  mode.  The  major  disadvan¬ 
tages  of  the  double -curvature  shell  structures  are  their  high  forming  costs  and 
the  relatively  large  volume  of  unusable  space. 

4.  52  Layout  Studies 

The  figures  accompanying  the  design  examples  in  this  section  show 
the  details  of  the  recommended  layouts  in  the  dome  and  sphere  configurations. 
The  layout  criteria  used  in  this  section  are  the  same  as  those  used  in  the 
cubicle  designs,  and  arc  described  in  Section  4.21. 

4.5  3  Design  Alternatives 

(a)  Reinforced  Concrete  and  Steel  Sphere 

The  sphere  is  the  most  efficient  structural  shape  for  resisting  uniform 
radial  loading,  Spheres  requiring  a  minimum  of  structural  material  can  carry 
very  heavy  loads  and,  with  the  assumption  of  uniform  radial  loading  prior  to 
failure,  eliminate  any  requirement  for  separate  and  costly  foundation  designs. 
The  disadvantages  of  this  type  of  construction  are  found  in  the  large  depths 
of  excavation  which  are  required,  and  in  the  high  cost  ol  forming  double  curva¬ 
ture  shells.  The  spherical  shell  can  be  constructed  from  either  reinforced 
concrete  or  uniform  thickness  steel  plate. 
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(b)  Reinforced  Concrete  and  Steel  Dome 

The  dome  configuration  permits  a  large  reduction  in  burial  depth 
requirements,  since  footings  are  substituted  for  the  lower  half  of  the  sphere. 

As  a  consequence,  the  overpressure  levels  at  which  the  dome  can  be  effectively- 
employed  are  controlled  by  the  bearing  capacity  of  the  soil  beneath  the  footing. 
In  general,  the  dome  configuration  combines  many  of  the  disadvantages  of 
the  cubicle  and  shell  structures.  It  is  not  considered  a  likely  candidate  for 
an  underground  shelter  configuration. 

4,  54  Sample  Analysis  and  Cost  Evaluation 
TRIAL  DESIGN  4.  54A 

CONFIGURATION: 

Three  story  sphere  (see  Figure  4- 1  6  and  4-19) 

STRUCTURAL  SYSTEM: 

Reinforced  concrete  sphere,  28.0  ft  inside  diameter 
DESIGN  PARAMETERS: 

q  =  325  psi  equivalent  pres  jure  including  weight  of  earth  cover 
S^=  28.33  ft  including  shell  thickness 

(a)  Reinforced  Concrete  Shell  Design 

When  concrete  elements  are  acting  in  direct  compression,  the  most 
economical  designs  employ  higher  strength  materials  with  minimum  quantities 
of  steel. 

For  use  in  Table  3-58,  for  doubly  curved  shells,  assume  f =  75,  000 
psi,  f'cjc  -  7500  psi  and  =  0.50  percent. 

From  Section  3.38,  Table  3-58 


*cSL 

D 

325  x  28.  33 

- ZZ5Z - 


-  2256 


-  D  .  .  -  4.  08  in, 

required 


Use  D  =  4.  5  in.  4  =  0.50  percent. 

In  this  particular  case  it  would  be  possible  to  increase  4^  slightly 
and  thereby  reduce  D  slightly. 

Assume 

=  75,000  psi,  f'^  =  7500  psi  and  4^.  =  0.70  percent 
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27'-4' 


_ 22' -4" _ 

Limit  for  3  bunk  stacking 

_ 1 9J  -  4'J _ _ 

Limit  for  4  bunk  stacking 

_ _I4'-6" _ ( 

Limit  for  5  bunk  stacking 


Circular  atalr 
and  columns 


4  1/2"  RC 


shell 


4"  RC  second  floor 
slab 


u.-suu.uo'i.  ftKiuaEfiVT.' A 


-4"  RC  first  floor  slab 


3.5"  RC  basement 
fc„  floor  slab - 1 


ll'-6" 


! 

I  1 

25* -2" 

F  igure  4-16 

SECTIONAL  ELEVATION  OF  SPHERE,  ^8,-0"  DIAMETER 
TRIAL  DESIGN  4.  54A 


4-  i  i  0 


(3.38.1) 


q  S 

=  0. 284.f '  +  0.003333  ^f, 

D  dc  dy 


Ur 

c  L 
D 


-  (0.284  x  7500)  +  (0. 003333  x  0.70  x  75,  000)  =  2305 


325  x  28.  33 

Ho3 


D 


required 


3.  99  in. 


Use  D  =  4.  00  in.  and  =  0.  70  percent. 

(b)  Reinforced  Concrete  Shell  Unit  Costs 

Costs  will  be  calculated  for  D  =  4.  5  in.  and  ^  =  0.50  percent. 

Concrete  Cc  =  x  1  •  30  =  °- 49  $/sq  ft  from  (3 . 37 .  3b) 


Steel 


Forms 

Summary 


C  =  2 


D  \ 

nr 


Cs  = 


2  x 


4. 50  x  0. 50 
1200 


X  (3.38.2) 

8 

x  100.  5  =  0.  38  $/sq  ft 


Cf  =  1. 75  $/sq  ft  from  (3.37.6b) 

C  =0.49 
c 

C  =  0.38 
s 

Cf  =  1 . 75 

Ct  =  2 . 62  $/ sq  ft 


The  second  design  of  D  =  4.00  in.  and  ^  =  0.70  percent  would 
result  in  0.04  $/sq  ft  higher  costs, 


(c)  Internal  Structure  Design  (no  shock  isolation  included) 

All  three  floors  are  designed  to  carry  a  100  psi  working  load.  The 
floors  are  assumed  to  be  simply- supported  slabs  with  L  =  11.0  ft.  Proceeding 
as  outlined  for  Design  Example  4.  44A,we  obtain  D  =  3.5  in.  All  floor  slabs 
will  be  supported  with  curved  angle  weighing  12  Ib/ft. 

Central  column  support 

D  =  12  in.  circular  column 
=  0.  50  percent 
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f'  =  2500  psi 
dc  r 

f^  =  60, 000  psi 

A  12  in.  circular  column  is  larger  than  required  to  carry  floor  loads, 
but  is  considered  necessary  to  provide  for  adequate  anchorage  of  circular 
stairs. 


(d)  Internal  Structure  Unit  Coats 

(1)  Floor  slabs.  From  Design  Example  4.  44A  we  obtain 

C  =  1. 40  $/  sq  ft 

(2)  Angle  support  for  all  floor  slabs.  From  Section  2.29 
Curved  Angle 


C  =  X  =  5, 00  $/ft 
t  8 


Concrete 


(3)  Central  column  support 

A 


Cc=  TTT 


X 


C„  =  ----- rc-T  x  1  ■  00  =  0  ■  7y  $/ft 


(3.32.4a) 


Main  Steel 


Tie  Steel 


C  -  A 
°s  -  TFT 


<6 

*t 

nnr 


X 


_  113 

cs  =  T73 


r  -  A 
cst  "  H3 


113 


x  0.005  x  78.  8  =  0.31  $/ft 

i 

pte 


nr 


x 


c  .  =  44^-  X  0.  001  X  78.  8  =  0.06  $/ft 
st  1 44 


(3.32.5a) 


Forms 


Summary 


C{=  XfPr  (3.32.7a) 

Cf  =  1.10  x  1.00  x  3.14  =  3.46  $/ft 

C  =  0.79 
c 

C  =  0.31 
s 

=  0.06 
te 

Cf  =  3.46 
C  =  4.  62  $/ft 
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(4)  Circular  stairs 

One  floor  at  $750  per  floor 

(5)  Rectangular  stairs 
One  floor  at  $600  per  floor 

(e)  Required  Excavation 

(1)  Minimum  depth  h  *  3.5  ft 

(2)  Cover  required  for  full  burial 

h  =  0. 125  SL  =  0. 125  x  28.  75  =  3. 59  ft 

(3)  Radiation  burial  requirement 

dg  =  3.5  +0,02q 

de  =  3.5  +  {0.02  x  325)  =  10.0  ft 
de  =  10.0  -  (1. 5  x  0.33)  =  9,  5  ft 

Total  depth  of  excavation 

z  =  28.  75  +  9.50  $  3.8,  25  ft.  . 

Total  volume  of  excavation 

Assume  the  slope  of  the  excavation  is  the  frustum  of  a  cone  having  a 
1:1  slope  with  the  lower  base  diameter  equal  to  12.  0  ft  and  the  base  diameter 
of  the  ground  surface  equal  to  88.  50  ft.  Following  the  criteria  presented  in 
Section  4.  24  the  volume  of  the  excavation  is  taken  as 


Volume  - 


38,25 


Volume  =  -j-  (Aj 
2 


A1  A2 


12.00 

7Tx  -7r- 


+  A2  *~\J' 


113  x  6150 


=  90,  500  cu 


Volume  of  structure 
4 

Volume  =  ■ 


4  .  28,75- 

=  —  x  3.  1  4  x  — g- — 


12,  43  0  cu  ft 


(f)  Entrance  Way 

From  Table  4-4 


CT  =  $6690 


(g)  Total  Cost 

Reinforced  Concrete 
Spherical  Shell 

2,  62  x  4  x-7 fx  J 

38  |  2  _ 

6630 

First  Floor  Slab 

1. 40  x  “ff  x  (— ^r— j 

2 

680 

Second  Floor  Slab 

1.40  xy  X  1-^-^) 

2 

823 

Basement  Floor  Slab 

1.40  X  TT 

2 

145 

Angle  Slab  Support 

5.00  x  (24.83  +  27 

.33  +  11.5)  x 7 7 

=  1000 

Center  Column 

4.62  x  17.08  = 

79 

Stairs 

750  +  600  = 

1350 

Excavation 

0.036  x  90,  500  = 

3260 

Back  Fill 

0.033  x  (90,  500  -  12,  430)  = 

2580 

Haul 

0. 026  x  12,  430  = 

323 

Entrance  Way 

6690 

Total 

$23,  560 

The  excavation  cost  could  probably  be  reduced  by  using  techniques 
better  suited  to  deep  excavations. 

(h;  Net  Floor  Area 

Net  floor  area  (headroom  5'-7")  is  approximately  97  5  sq  ft. 

(i)  Net  Volume 

Net  volume  of  shelter  is  11,  500  cu  ft. 

TRIM.  DESIGN  4.  54B 

CONFIGURATION: 

One  story  dome  (see  Figures  4-20  and  4-21) 

STRUCTURAL  SYSTEM: 

Steel  dome  36,0  ft  inside  diameter 
DESIGN  PARAMETERS: 

q  =  100  psi  equivalent  pressure  including  weight  of  earth  cover 
S^  =  36.0  ft 

(a)  Nominal  Design  Load  on  Dome 

3  q  S.  =  3  x  100  x  36  =  10,  800  lb/in,  of  steel 

i-i 
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-  f 


(b) 


Steel  Shell  Design 

From  Table  3-8  for  double  curvature  plate 
Allowable  load  on  1/4  in.  plate  =  44,  000  psi 

22,  000  lb  per  in,  >  10,  800  lb  per  in.  O.K. 
Steei  Shell  Cost  Factors 


From  Section  2.22 


Xg  =  4,  45  $/sq  ft  of  shell 

(d)  Foundation  Design 

(1)  Floor  slab  design  and  cost  factors 

Same  as  shown  in  Design  Examples  4,  34B  and  4.  34C. 

C  =  0.91  $/sq  ft 

(2)  Footing  design 

Load  per  ft  of  footing  length 

P  =  10,  300  x  12  =  129,  600  lb/ft 

Assuming  a  soil  having  an  angle  of  internal  friction  b  -  15°  and  a 
cohesion  factor  of  c  =  2000  psi  from  Table  3-59  for  q  s  100  psi,  a  footing 
B  =  8. 0  ft  could  carry  128  kips  per  ft.,  This  value  is  close  enough  to  129.  6  kips 
per  ft  actual  load  to  use  8.  0  ft  wide  footing. 

J~~  a  IV  s  l6-2klPs/ft 

Assume  foundation  wall  D  =  6.  00  in. 


=  16,  200  lb 


wall 

“E — 


6.  00 
TW 


0,  75 


Interpolating  for  f1  =  6000  psi  in  Table  3-60 


=  1.70 


L  =  8 . 0  ft 

Use  D  =  16.00  in. 


d,  , .  =  1.  70  x  8.  0  =  13.  60 

footing 


Total 


+  2, 00  cover 

1  5.  60  in. 


4-120 


Determination  of  footing  main  steel  fa^ 

For  use  with  Table  3-61  for  d  =  13. 6  in..  L  =  8.0  ft.  D  ..  a  6. 00  in. 

’  '  wall 

P/.L  =  16.  2  kips/ft  and  f^  =  75,  000  psi 


^footing  _  13.60  13,  60 

12  L  -  D  n  =  96.  00  -  6.  00  <56 .  60 

From  Table  3-61 

fa  =0.91  percent 
c 

(3)  Foundation  wall  design  and  cost  factors 
Same  as  shown  in  Trial  Design  4.  44C. 

C  =  1.74  $/ sq  ft 

(4)  Trenching 
Depth  of  trench 

1. 00  +  1. 33  =  2. 33  ft 


Width  of  trench 

8.00  +  1.00  =  9.00  ft 
Cross  sectional  area  of  trench 

2.33  x  9.00  =  21.0  sq  ft 


0.151 


( e )  Foundation  Cost  Factors 
(1)  Footing 

See  Trial  Design  4,  44C(g)  for  a  sample  of  detailed  cost  analysis. 


Summary  Cc 


C 

s 


(2)  Trenching 


1. 67 
0.  89 
0.11 
0.75 

3.42  $/sq  ft 


Cost  of  trench  =  C.  10  $/sq  ft/ft  of  trench 

Cfc  =  21 , 0  x  0.  10  =  2.10  $/ft  of  trench 
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(f)  Required  Excavation 

(1)  Minimum  depth  requirement  h  =  3.  5  ft 

(2)  Depth  requirement  for  full  burial 

h  =  0.  125  S.  =  0.  125  x  36.0  =  4.  50  ft 

(3)  Radiation  depth  requirement 

d  =  (3.  5  +  0. 02q)  =  3. 5  +  2.  00  =  5,  50  ft 


Assume  no  attenuation  through  shell  wall. 

Total  depth  of  excavation 

z  =  0.25  +  i6-gQ;  +  5.50  =  23.75  ft 

Total  volume  of  excavation 

Determine  the  volume  of  the  cone  with  a  1:1  side  slope  and  a  base 
diameter  equal  to  jS^  +  2  z  j  and  an  altitude  equal  to  z  +|s^J.  From  this  volume 

subtract  the  volume  of  a  cone  with  a  base  diameter  equal  to  and  altitude 
equal  to  S^/' 2. 


Volume  = 


x7T  x 


x  (23.75  +36.00)  -  ^  xT/xj-^- 


00 


Volume  =  109,  000  -  6100  =  102,  900  cu  ft 
Gross  volume  of  structure 


3  x7T x 


36.25 

—I— 


12,  500  cu  ft 


(g)  Entrance  Way 

From  Table  4-4 

(h)  Total  Coat 
Steel  Dome  Shell 

Floor  Slab 

Foundation  Wall 

Footing 

Trench 

Excavation 
Back  Fill 
Haul 

Entrance  Way 


CT  =  $5  620 


4,  45  x  4  x 


36.00 


x  2  = 


0.91  x  x  {  3  3°-.  |  = 

1.74x7 f x  36.0  x  1.0  = 

3. 42  x  8,0  xjfx  36.0  a 
2,  10  xif  x  36.  0  = 

0, 036  x 102, 900  = 

0.033  x  (102, 900  -  12,  500)  = 
0, 026  x  12, 500  = 

Total 


x  1 8 . 00 


9050 

926 

197 

3095 

238 

3710 
2980 
325 
5620 
$26,  141 
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See  Figures  4-22  through  4-24  for  layout  of  34.0  diameter  two- story 

dome , 

(i)  Net  Floor  Area 

Net  floor  area  (headroom^  5 1  - T 1 )  is  approximately  908  sq  ft. 

(j)  Net  Volume 

Net  volume  of  shelter  is  approximately  12,  500  cu  ft. 

4.  6  Shelter  Entrance  Way 

4. 61  Introduction 

When  occupancy  requirements  are  limited  to  a  100  man  capacity  shelter, 
one  type  of  entrance  way  structure  is  deemed  adequate  for  all  shelter  consi¬ 
dered  over  the  entire  loading  range.  The  entrance  way  is  designed  to  resist 
the  same  overpressure  as  the  shelter  it  serves.  Furthermore,  the  entrance 
way  structure  is  expected  to  serve  both  as  an  entrance  U'-d  exit  to  the  shelter. 

It  is  quite  possible  in  the  higher  overpressure  regions  that  economy 
might  be  better  served  by  providing  separate  entrance  and  exit  structures.  In 
this  manner  relatively  inexpensive  non-blast  resistance  entrance  ways  with 
high  traffic  rates  would  be  supplemented  by  inexpensive  blast  resistant  exit 
ways  with  low  traffic  capabilities.  An  analysis  of  this  dual  system,  however, 
is  beyond  the  scope  of  this  study, 

4.62  Design  Assumptions 

Cased  on  a  comprehensive  study  of  shelter  entrance  ways  a 

monolithic  reinforced  concrete  cubicle  with  an  interior  horizontal  clear  span 
of  4.  00  ft  and  an  interior  vertical  clear  span  of  7,33  ft  act  as  fixed  end  one-way 
slabs  supporting  a  uniform  late.ral  load  equal  to  one-half  the  design  overpressure 
load  acting  on  the  shelter.  The  roof  and  ground  slabs  are  designed  as  moment 
resisting  walls  supporting  a  one-way  slab.  The  entrance  way  is  of  variable 
length  depending  on  the  depth  of  burial  of  the  shelter  it  serves.  See  Figure  4-25 
for  entrance  way  layout. 

4.  63  Entrance  Way  Costs 

Table  4-4  presents  a  resume  of  the  pertinent  cost  parameters  asso¬ 
ciated  with  c.iUaiwc  ways  for  a  variety  of  shelter  configurations  and  static 
overpressures . 
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Figure  4-22 

TWO  STORY  DOME,  34,-0"  DIAMETER 


Figure  4-23 

SECOND  FLOOR  OF  DOME,  34'-0"  DIAMETER 
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Figure  4-25 

PLAN  VIEW  SHELTER  ENTRANCE  WAY 


4-127 


CHAPTER  5  OPTIMUM  SHELTER  CONSIDERATIONS 


5.  1  Introduction 

The  recommendations  contained  in  this  and  earlier  chapters,  if 
carefully  applied,  should  normally  lead  to  economic  structural  designs  for  a 
buried  100-man  capacity  shelter.  At  the  very  least,  this  information  will 
form  the  basis  for  a  rational  preliminary  design.  Several  economic  trends 
in  the  use  of  structural  materials,  which  became  apparent  in  the  course  of 
this  study,  will  be  briefly  discussed  in  the  following  sections, 

5.  2  Materials 

In  Chapter  2,  the  cost  and  availability  for  the  major  construction 
materials  are  examined  in  some  detail.  Generalized  design  and  cost 
relationships  are  supplied  in  Chapter  3,  while  structural  costs  are  evaluated 
in  Chapter  4  for  typical  100-man  sheltersi  The  most  versatile  of  these 
construction  materials,  considering  both  over -all  economy  and  range  of 
applicability,  is  reinforced  concrete.  Its  constituent  materials  are  normally 
available  in  all  regions  of  the  United  States,  although  a  shortage  of  reinforcing 
steel  might  be  expected  under  certain  conditions  (see  Chapter  2),  As  a 
consequence  of  its  normal  availability,  plus  the  widespread  familiarity  with 
its  use,  a  relatively  short  lead-time  would  be  required  between  the  shelter 
planning  and  construction  phases. 

Timber  and  structural  steel  shelter  elements  also  show  suitability 
for  use  in  shelter  construction,  although  their  economic  advantage  fs 
restricted  to  the  lower  design-pressure  ranges.  These  materials  can  be 
considered  for  use  in  regions  close  to  their  primary  centers  of  supply. 

5.  3  Costs 

The  costs  developed  for  materials,  for  structural  elements,  and 
for  the  entire  shelter  structure  are  based  on  early  1963  prices  in  the  Chicago 
Metropolitan  Area.  The  cost  of  the  materials,  plus  fabrication,  transportation 
and  erection,  form  the  basis  for  estimating  on-site  material  costs.  To  basic 
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costa  are  added  an  additional  40  percent  as  an  allowance  for  job  overhead, 
general  overhead  and  profit. 

5.4  Shelter  Elements 

5.  41  Axially  Loaded  Compression  Member 

Cost  studies  of  all  the  major  building  materials  show  that  material 
strength  increases  more  rapidly  than  the  corresponding  material  cost.  The 
difference  in  the  rate  of  increase  is  quite  marked  and  is  not  likely  to  be  altered 
by  normal  price  shifts  in  the  near  future. 

For  the  assumptions  of  loading  distribution  (see  Chapter  1)  and  for 
the  range  of  structural  dimensions  used  in  this  study,  buckling  of  buried 
compression  elements  is  not  a  prime  consideration.  Therefore,  the  use  of 
the  highest  available  strength  in  a  given  material  normally  leads  to  the  lowest 
element  cost.  Only  when  minimum  dimension  requirements  govern  design  is 
this  situation  altered.  th  regard  to  reinforced  concrete  compression 
members,  minimal  use  of  steel  reinforcement  is  recommended  for  economical 
design. 

5.  42  Axially-Loaded  Compression  Members  Subject  to  Large  Bending  Moments 

With  the  exception  of  reinforced  concrete  elements,  the  observations 
made  in  Section  5.  41  apply  equally  to  eccentrically-loaded  compression 
members.  In  concrete  compression  members  which  are  subject  to  tensile 
failures,  the  use  of  iow  strrngth  concrete  together  with  high  strength  steel 
leads  to  economy  of  design, 

5. 43  Flexural  Members 

The  observations  of  Section  5.41  also  apply  to  flexural  members. 
However,  the  member  must  be 'able  to  resist  an  involved  interrelationship 
of  moment,  diagonal  tension  and  shear.  This  is  particularly  true  in  reinforced 
concrete  members,  where  material  properties  and  material  combinations  may 
be  varied  separately  to  obtain  an  optimum  structural  element.  It  is  recom¬ 
mended  that  the  design  and  cost  tables  presented  in  Chapter  3  be  used  when 
possible. 
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5.5  Dynamic  Loading  Characteristics 

The  structural  elements  described  in  Chapter  3,  as  well  as  the 
structures  in  the  sample  design  problems  of  Chapter  4,  are  designed  to  with¬ 
stand  "equivalent"  uniform  static  loadings,  q  psi .  This  use  of  "equivalent" 
loading,  while  permitting  major  simplifications  in  the  analytical  expressions, 
should  be  recognized  as  an  artificial  concept.  Its  derivation  recognizes  the 
increased  structural  resistance  of  many  materials  to  rapid  rates  of  loading, 

Buch  as  those  produced  by  nuclear  detonations,  but  does  not  consider  the 
response  of  the  structural  element  or  of  the  structure  to  a  dynamic  application 
of  loading.  This  latter  effect  must  also  be  considered  if  structural  shelter 
costs  are  to  be  related  to  Levels  of  surface  overpressure. 

This  study  has  assumed  (see  Chapter  1)  that  the  duration  of  load 
application  due  to  a  nuclear  explosion  will  be  long  in  comparison  with  the 
natural  period  of  the  element  or  structure  which  supports  the  load.  The  classical 
blast  loading  is  analyzed  as  a  loading  which  reaches  its  maximum  value  within 
a  very  brief  rise  time,  and  subsequently  decays  at  a  much  slower  rate.  This 

type  of  loading  can  be  closely  approximated  as  a  triangular  step  loading  with 
(13) 

zero  rise  time'  ’  Its  effect  on  the  structure,  as  compared  with  a  statically- 
applied  load  of  the  same  peak  magnitude,  will  be  primarily  dependent  upon 
the  elasto-plastic  characteristics  of  the  loaded  structure  or  structural  element. 

The  ductility  ratio^  is  a  measure  of  the  amount  of  plastic  deforma¬ 
tion  which  is  permitted  in  the  structure.  This  quantity,  designated  by  the 
symbol,  ,  is  the  ratio  of  maximum  deflection  to  the  elastic  limit  or  yield 
deflection.  Thus,  a  specified  value  of  f*  =  1.0  implies  that  the  material  will 
not  be  allowed  to  yield  beyond  its  elastic  range.  This  assumption  wa3  implicit 
in  the  analysis  of  timber  elements,  Section  3.  4,  since  there  was  no  proven 
basis  for  assuming  plastic  action  in  timber  members.  For  materials  and 
structural  systems  where  it  is  reasonable  to  anticipate  plactic  yielding  of 
critical  sections,  the  use  of  some  value  of  .  greater  than  unity  is  a 
logical  consequence. 

(2) 

A  value  of  ft  =  1 ,  3  iB  considered  to  correspond  to  slight  damage 
of  an  element  or  structure,  since  the  permanent  yield  deflection  is  only 
30  percent  of  the  elastic  deflection.  This  value  of  the  ductility  ratio  is 
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recommended  in  Reference  2  for  ua'e  where  sizeable  deflections  of  the 
elements  cannot  be  tolerated,  as  is  postulated  to  be  the  case  for  domes  and 
arches.  A  value  of  /*  =  3.0  implies  larger  permanent  deflections,  but  still 
without  collapse  of  the  element  or  structure^,  Values  of  H  s  10.0  or  more 

(7\ 

have  also  been  recommended  ,  particularly  for  carefully  detailed  steel 
elements , 


Figure  5-1,  taken  from  Figure  5D-5  of  Reference  2,  illustrates 
the  relationship  between  peak  dynamic  load,  ,  and  equivalent  static  load, 
q,  for  an  initial-peak,  triangular  force  pulse  acting  on  an  elasto-plastic 
system.  The  ordinate  is  the  ductility  factor,  ft  =  while  the  abscissa 

is  the  ratio  of  load  duration  to  effective  natural  period  of  the  structure,  t^/T. 
Finite  values  of  the  ratios  of  peak  dynamic  force  to  required  yield  point 
resistance,  p  /q,  are  plotted  as  continuous  curves.  Also  plotted  is  the  ratio 
of  the  time  at  which  maximum  deflection  is  reached  to  the  effective  natural 
period  of  the  structure,  t^/T  .  Values  of  p  /q  ,  as  obtained  from  this 
chart,  can  be  used  to  convert  "equivalent"  static  loading  to  dynamic  loadings. 


The  peak  side-on  value  of  the  overpressure  at  the  ground  surface, 

p  (psi)  must  be  given  or  assumed  at  the  onset  of  design.  For  shallow  buried 
s  o 

structures,  such  as  are  considered  in  this  study,  any  attenuation  of  this  peak 
overpressure  due  to  its  passage  through  the  soil  will  probably  be  minor. 


Hence,  in  general,  p 


p  for  horizontal  buried  surfaces. 


The  combined 


resistance  of  the  soil- structure  system  is  customarily  not  examined,  primarily 
due  to  our  lack  of  understanding  of  the  load-soil-structure  interactions.  There 
are,  however,  many  indications  that  the  combined  soil-structure  strength  may 
differ  appreciably  from  the  strength  of  the  structure  alone  (see  Appendix  A). 
The  peak  horizontal  pressure  on  vertical  buried  surfaces  is  taken  as  some 

fraction,  k,  ,  of  the  vertical  pressure,  whose  value  is  dependent  on  the  soil 

.  (2,3)  h 

type. 


Cohesionlcss  soil,  damp  or  dry 

Unsaturated  cohesive  soil,  stiff  consistency 

Unsaturated  cohesive  soil,  medium 
consistency 

Unsaturated  cohesive  soil,  soft  consistency 
All  saturated  soils,  water  level  at  surface 


k,  =  0.  250 
h 

k,  =  0.  333 
h 

k  =  0.  500 
h 

k,  =  0.  750 
h 

k,  =  J  .  000 
h 
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Note  that  the  design  examples  of  Chapter  4  have  assumed 
=  0.  500  for  all  cases.  For  many  structural  elements,  such  as  the 
eccentrically-loaded  side  walls  of  a  monolithic  cubicle,  the  choice  of  has 
a  negligible  effect  on  the  structural  requirements.  However,  the  design  of 
end  walls  is  influenced  by  k^.  Shell  structures,  either  doubly  or  singly 
curved,  are  designed  for  a  radial  loading  of  p  without  any  consideration 
of  . 

With  a  value  thus  established  for  p  ,  an.  assumption  must  be  made 

m 

as  to  a  permissible  value  for  the  ductility  ratio,  j4  ,  for  the  element  or 
composite  structure.  This  selection  will  be  influenced  by  the  material 
properties,  the  assured  continuity  of  a  structure,  and  the  probable  conse¬ 
quences  of  large  yielding  into  the  plastic  range.  (For  example,  a  shelter 
which  will  be  located  below  the  ground  water  level  probably  cannot  tolerate 
any  plastic  yielding.  )  Finally,  if  the  ratio  of  t^/T  is  assumed  to  be  large, 
inspection  of  Figure  5-1  will  confirm  that  a  value  of  p^/q  corresponding  to 
the  assumed  value  of  jn  can  be  estimated  with  fairly  good  accuracy.  With 
this  accomplished,  the  required  yield  resistance  (derived  for  each  structural 
element  as  resistance  to  "equivalent"  static  loading)  can  be  directly  related 
to  the  design  level  of  overpressure.  Approximate  values  for  this  relationship, 
with  t^/T  assumed  large,  are  as  follows : 

Table  5-1 

APPROXIMATE  RELATIONSHIP  BETWEEN  PEAK  DYNAMIC  LOADING 
ON  BURIED  STRUCTURE,  DUCTILITY  RATIO,  AND  EQUIVALENT 
STATIC  LOADING  (Long-Duration  Loading  Assumed) 

Required  Value  of 

Ductility  Ratio,  /U  Equivalent  Load,  q,  (psi) 


»— * 

o 

2.°  Pm 
m 

1.3 

1 .  6  p 

m 

3.  0 

1. 2  p 

10.  0 

1. 0  p 

m 

5.6  Optimum  100  -  Man  Shelter  Structure 

As  indicated  by  the  trial  designs  presented  in  Chapter  4,  a  large 
number  of  possible  shelter  layout;  and  configurations  exist.  A  summary  of 
the  comparative  costs  of  a  number  of  possible  shelter  designs,  evaluated 
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over  a  wide  range  of  overpressure,  is  presented  in  Figure  5-2.  While  all  the 
possible  configurations  have  by  no  means  been  examined,  Figure  5-2  provides 
a  useful  comparison  between  the  various  classes  of  structures. 

As  can  be  seen  from  Figure  5-2,  no  one  structure  or  configuration 
is  optimum  over  the  entire  pressure  range.  In  general,  the  one-story  cubicle 
is  optimum  up  to  140  psi  equivalent  static  pressure.  A  variety  of  material 
combinations  and  construction  techniques  can  be  utilized  for  this  configuration 
without  serious  cost  penalty,  particularly  for  the  lower  equivalent  static 
pressures,  It  should  be  noted  that,  at  the  lowest  loading  level,  the  timber 
frame  cubicle  is  the  most  economical  type  of  construction.  This  design  rapidly 
gives  way  to  the  monolithic  concrete  cubicle,  aB  the  design  level  of  loading 
is  increased.  While  it  is  not  apparent  from  the  figure,  concrete  and  steel 
frames  have  a  distinct  economic  advantage  when  used  with  masonry  block  as 
exterior  walls  of  monolithic  structures  up  to  loadings  of  25  psi  equivalent  static 
pressure.  At  equivalent  static  pressures  greater  than  140  psi,  as  indicated 
by  Figure  5-2,  the  15-ft  diameter  cylinder  of  reinforced  concrete  replaces 
the  cubicle  as  the  least-cost  structure. 

Figure  5-3  illustrates  the  optimum  structure  cost  as  a  function  of 
overpressure,  introducing  the  dynamic  loading  criteria  presented  in 
Section  5.  5.  Three  different  types  of  shelter,  all  having  usable  floor  areas 
of  approximately  840  sq  ft,  make  up  the  optimum  cost  curve.  The  term 
"usable  floor  area"  is  defined  as  the  interior  floor  area  of  the  shelter  having 
head  room  of  at  least  5.  7  feet. 

5.  7  Blast-Resistant  Features  in  Conventional  Construction 

This  study  has  indicated  that  fully-buried  culvert  and  tunnel 
sections,  fabricated  from  standard  gages  of  corrugated  steel  plates,  can  be 
expected  to  resist  overpressures  of  40  to  60  psi  when  supplementary  provisions 
are  made  for  end  closures.  Similarly,  fully  -buried  reinforced-concrete  cub¬ 
icles  with  spans  of  less  than  15-ft  and  with  properly  designed  and  detailed  slab 
roofs  of  6  to  8  in.  thickness  should  be  able  to  resist  overpressures  of  approxi¬ 
mately  10  psi.  These  findings  suggest  the  possibility  of  incorporating  at  a 
moderate  additional  cost,  an  appreciable  measure  of  blast-resistance  into 
selected  portions  of  new  structures.  If  such  a  procedure  is  to  be  followed, 
however,  the  architectural  layouts  and  structural  detailing  for  the  protected 
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Figure  5-2 

IN-PLACE  STRUCTURAL  COST  FOR  HARDENED  100-MAN  SHELTERS 
(Includes  Entrance  Ways  and  Excavation) 


100  150 


area  must  be  based  upon  a  sound  appreciation  of  blast-resistant  design. 
Furtherance  of  this  concept,  frequently  referred  to  as  "slanted"  construction, 
appears  to  offer  a  feasible  scheme  whereby  more  than  a  taken  measure  of 
blast  resistance  can  ultimately  be  afforded  the  civilian  population.  Extreme 
caution  should  be  used  in  attempting  to  evaluate  the  blast-resistant  capabilities 
of  existing  buildings,  however,  since  s eemingly -minor  details  of  reinforce¬ 
ment  placement  and  structural  continuity  may  seriously  reduce  the  blast- 
tolerance  of  a  conventionally  -  designed  structure. 

The  ultimate  purpose  of  any  personnel  protective  shelter,  regardless 
of  whether  it  is  designed  as  a  separate  structure  or  is  incorporated  into  a  con¬ 
ventionally-designed  building,  is  to  protect  its  occupantB  during  some  postulated 
range  of  nuclear  attack  environments.  In  order  to  supply  such  protection,  the 
shelter  must  be  designed  to  minimize  the  possibility  of  its  structural  collapse 
under  the  anticipated  loadings.  Preservation  of  the  structural  integrity  of  a 
shelter  during  such  hypothesized  attacks,  however,  is  not  synonymous  with  the 
survival  of  its  occupants.  Structural  survival  is  almost  certainly  necessary, 
but  in  itself  is  not  sufficient  to  ensure  human  survival.  Each  category  of  pro¬ 
posed  shelter  must  be  designed  and  analyzed  as  a  balanced  protective  system, 
in  which  adequate  structural  resistance  is  only  one  of  several  essential  com¬ 
ponents. 
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EXPERIMENTAL  STUDY  OF  THE  RESPONSE  OF  BURIED 
STRUCTURAL  ELEMENTS  TO  STATIC  AND  DYNAMIC 
SURFACE  LOADING 


by 

J.  Havers  and  W,  Truesdale 
Armour  Research  Foundation 
Chicago,  Illinois 

INTRODUCTION 

When  a  proposed  structure  must  be  "hardened"  to  withstand  the 
direct  effects  of  a  thermonuclear  explosion,  preliminary  projections  of 
construction  costs  frequently  show  that  it  will  be  advantageous  to  place  the 
entire  structure  below  finished  grade.  This  may  be  true  even  when 
relatively  low  overpressures  are  specified  in  the  design  criteria,  since  a 
shallow  burial-depth  both  provides  a  high  degree  of  radiation  protection 
and  essentially  eliminates  any  reflection  of  pressure  at  the  surface  inter¬ 
face.  Further,  based  on  empirical  conclusions  drawn  from  field  tests,  it 
is  frequently  asaumed^’^  that  the  lateral  earth  Bupport  resulting  from 
shallow  burial  is  sufficient  to  inhibit  the  primary  buckling  modes  in  many 
arched  and  domed  structures.  As  a  consequence,  such  structures  can  be 
expected  to  develop  greater  ultimate  loading  resistances  than  in  comparable 
above-ground  structures. 

Apart  from  these  features,  however,  conventional  design  proce¬ 
dures  give  little  recognition  to  other  possible  benefits  resulting  from  soil- 
structure  interaction.  It  has  been  postulated,  based  on  analytical  studies 
and  field  observations,  that  the  free-.field  earth  pressure  at  the  level  of  a 
shallow  buried  structure  is  only  slightly  less  than  the  surface  side-on 
overpressure.  As  a  consequence,  such  structures  are  frequently  designed 

to  withstand  a  dynamic  loading  which  is  directly  related,  through  blast  wave 

(3) 

and  structural  parameters,  to  the  full  surface  overpressure'  ' , 


Numbers  in  parentheses  refer  to  references  listed  in  the  bibliography 
included  in  this  paper. 
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The  effects  of  a  surface -applied  load  on.  a.  buried  structure  must  be 
transmitted  through  the  soil  cover.  Consequent  deformation  of  the  structure 
must,  if  loading  is  to  be  maintained  on  the  structure,  be  accompanied  by 
deformation  of  the  cover  soil.  If  the  soil  resists  this  deformation,  as 
evidenced  by  the  development  of  shearing  stresses  within  the  soil  mass,  the 
soil  strength  thus  mobilized  by  the  cover  soil  in  resistance  to  its  downward 
movement  must,  for  any  conservative  system  of  displacements,  comple¬ 
ment  the  resistance  furnished  by  the  structure  itself. 

An  effective  increase  in  structural  resistance  as  a  result  of  stress 
redistribution  within  the  mass  of  cover  soil  has,  to  a  limited  extent,  been 
recognized  in  proposed  design  procedures'*^’  .  The  absolute  contribu¬ 
tion  which  soil  strength  may  contribute  to  the  total  soil  structure  resistance, 
as  well  as  the  relative  influence  of  the  several  surface  load-structure-soil 
parameters,  is  almost  totally  unknown.  This  lack  of  knowledge  is  a  matter 
of  concern  since  there  is  an  excellent  possibility  that,  through  a  better 
understanding  of  a  oil -structure  interaction,  major  economies  can  be 
realized  in  the  design  of  hardened  structures. 

A  theory  to  predict  the  effect  of  loading  on  a  buried  structure,  ac¬ 
companied  by  a  limited  series  of  static  loading  tests  on  buried  rigid  and 

/  c\ 

flexible  panels,  has  been  described  by  other  authors'  ' ,  This  theory 
predicted  that  the  effect  of  a  dynamic  surface  loading  on  a  buried  structure 
would  be  significantly  reduced  by  inertial  forces  and  by  internal  sliding 
resistances  within  adjacent  soil  masses  prior  to  failure.  Experimental 
results  for  the  limiting  condition  of  static  loading  confirmed  that  the  reduc¬ 
tion  in  structural  loading  was  significant,  within  the  limits  of  the  test 
program.  By  introducing  appropriate  soil  strength  values,  reasonable  cor¬ 
relation  was  obtained  between  test  results  and  theory. 

In  this  earlier  laboratory  investigation,  rigid  and  flexible  roof 
panels  were  buri  d  at  successively-increasing  depths  in  a  dense  dry  Ottawa 
sand,  and  subjected  to  a  statically-applied  uniform  surface  load.  The 
panels  were  4-in.  x  4-in.  in  size,  fabricated  from  0.01-in.  shun  steel  stock. 
The  tests  were  performed  in  a  "glass -box"  apparatus^),  thus  permitting 
visual  observations  of  soil  and  panel  deformations  under  increasing  load. 

The  test  conditions  were  considered  to  approximate  two-dimensional  tests 
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since  preliminary  calibration  studies  indicated  that  any  frictional  forces 
developed  between  the  sand  and  the  glass  side -walls  should  be  relatively 
small.  The  observ  ed  data  consisted  of  applied  surface  load  and  the  corre¬ 
sponding  central  deflection  of  the  panel'.  Ultimate  loads,  for  both  the  rigid 
and  flexible  panels,  were  usually  Identified  by  an  accelerated  collapse  of 
the  yielding  panel.  The  magnitude  of  surface  loading  which  was  necessary 
to  cause  this  collapse  increased  rapidly  with  depth  of  burial,  as  had  been 
postulated  by  the  theory  ,  At  a  depth  of  burial  of  1-1/2  panel  widths,  neither 
type  of  panel  could  be  collapsed  within  the  20  psi  load  limit  of  the  equipment. 
The  central  deflection  of  the  panels  had  then  reached  approximately  10  per 
cent  of  the  panel  span. 

(7) 

A  study  of  the  cost  of  buried  structural  elements'  'utilized  this 
theory  to  predict  the  actual  loading  on  buried  structures.  Its  finding 
indicated  that  the  depth  of  burial  associated  with  minimum  structural  costB 
is  frequently  in  excess  of  the  depths  required  to  satisfy  "full  burial"  criteria 
or  to  furnish  satisfactory  radiation  protection.  The  possible  savings  in  the 
cost  of  buried  structures,  as  suggested  in  that  study,  were  of  major  signifi¬ 
cance.  Thus,  when  initiating  a  investigation  of  materials  for  use  in  under¬ 
ground  structures,  sponsored  by  the  Office  of  Civil  Defense,  it  was  decided 
to  extend  the  earlier  experimental  work  by  examining  other  soil  and  loading 
conditions . 


EXPERIMENTAL  PROGRAM 

The  current  test  program  was  restricted  to  flexible  panels  buried 
at  varying  depths  in  sand  and  in  clay  soils.  Two-dimensional  tests  were 
generally  employed,  very  similar  to  those  used  in  the  earlier  study.  The 
equipment  was  strengthened,  however,  which  permitted  tests  to  be  perform¬ 
ed  at  a  higher  surface  pressure  and  at  greater  burial  depths.  In  addition,  a 
limited  series  of  three-dimensional  tests  was  conducted  in  a  pressure  vessel, 
using  an  elongated  flexible  panel  and  a  sand  soil.  By  including  these  tests, 
it  was  possible  to  examine  the  influence  of  the  testing  environments  on  the 
results  which  were  obtained.  Finally,  by  inserting  the  glass-box  apparatus 
into  an  air-actuated  shock  tube,  a  condition  of  surface  dynamic  loading  was 
simulated  for  comparison  with  the  results  obtained  in  static  load  tests. 
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The  flexible  panel  used  in  the  two-dimensional  tests  consisted  of  a 
4-in.  x  4-in.  flexible  panel  made  from  two  sheets  of  0.01 -in.  thickness  of 
shim  steel  stock.  The  paneL  was  supported  on  its  two  sides  by  a  panel  sup¬ 
port  system  mounted  on  a  3/4-in.  diameter  rod.  This  rod  passed  through 
a  thrust  bearing  and  rested  on  a  force  washer,  thus  permitting  the  measure¬ 
ment  of  total  load  on  the  panel.  (Figure  A-l  illustrates  the  equipment  used  in 
the  two-dimensional  tests,  The  relatively  large  members  in  the  support 
system  were  found  to  be  necessary  to  reduce  the  frequency  response  of  the 
system  under  dynamic  loading).  Central  deflections  of  the  panel  were 
optically  measured  from  photographs  taken  as  loading  was  applied  to  the 
surface  of  the  soil. 

An  elongated  flexible  panel  was  used  in  the  three-dimensional  tests 
in  order  to  minimize  the  relative  importance  of  end  effects.  As  indicated 
in  Figure  A-2,  a  panel  with  a  4-in.  span  and  a  24- in.  length  was  selected  for 
these  tests.  The  panel  was  constructed  from  the  same  steel  shim  stock  as 
the  panel  used  in  the  two-dimensional  tests.  It  was  supported  along  its 
elongated  edges  in  similar  fashion  to  that  described  for  the  two-dimensional 
tests,  except  that  two  3/4- in.  diameter  rods  were  utilized. 

The  test  chamber  for  the  two-dimensional  tests  consisted  of  a  steel 
framed  box  with  a  height  of  24-in,,  a  length  of  24-in. ,  and  a  width  of  4-in, 

(see  Figure  A-3).  The  front  face  of  the  box  consisted  of  a  panel  of  plate  glass, 
and  a  plate  glass  liner  was  placed  against  the  rear  face.  As  stated  earlier, 
previous  experience  with  similar  apparatus  had  indicated  that  the  friction 
between  a  sand  and  the  glass  sides  was  relatively  small.  As  a  precaution, 
however,  the  glass  was  sprayed  with  a  clear  lubricant  when  a  clay  Boil  was 
used  in  the  tests.  The  test  chamber  used  in  the  three-dimensional  static 
tests  was  a  36-in.  diameter  by  36-in.  depth  pressure  vessel,  fabricated 
from  steel  plate.  No  special  precautions  were  used  to  reduce  friction 
between  the  soil  and  the  chamber  walls,  since  the  chamber  dimensions  were 
large  compared  with  those  of  the  test  specimen. 

The  surface  load  in  all  static  tests  was  applied  by  means  of  air 
pressure,  while  the  shock  tube  shown  in  Figure  A-4  was  used  as  the  loading 
mechanism  for  the  dynamic  tests.  This  shock  apparatus  consisted  of  seven 
steel  hollow-box  sections,  each  36-1/2-in.  in  length,  which  were  connected 
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in  series  to  form  a  continuous  tuba.  One  end-section  functioned  as  the  driver, 
and  was  sealed  from  the  rest  of  the  tube  by  means  of  a  plastic  membrane.  , 
After  air  pressure  in  the  driving  chamber  had  been  increased  to  a  pre¬ 
determined  levei,  the  membrane  was  abruptly  ruptured.  This  generated  an 
advancing  shock  wave,  whose  typical,  characteristics  are  illustrated  in 
Figure  A-4.  The  glass -box  apparatus  was  inserted  in  the  third  section  from 
the  driver.  In  this  location,  a  clean  shock  front  would  develop  upstream 
from  the  test  chamber  and  the  positive  pulse  could  clear  the  test  specimen 
before  a  reflected  wave  was  encountered. 

t  -r 

In  order  to  examine  the  influence  of  soil  strength  properties  on  the 
loading  response  of  a  buried  flexible  panel,  two  types  of  soil  were  used  in 
the  tests.  A  dry  Ottawa  sand  placed  at  a  medium  density,  (106  lbs  per  cubic  ft) 
was  used  to  represent  those  soils  whose  shearing  strength  is  dependent  upon 
intergranular  sliding  resistance.  Earlier  triaxial  tests  had  Indicated  that 
this  sand,  for  conditions  similar  to  those  of  this  test,  should  develop  an 
effective  angle  of  sliding  resistance  (^e)  of  approximately  33®.  A  second 
soil,  whose  shearing  strength  was  primarily  dependent  upon  cohesion,  was 
prepared  by  combining  95  per  cent  by  weight  of  kaolinitic  clay  with  5  per  cent 
bentonite.  The  Atterberg  Limits  for  this  soil  were  determined  to  be;  plastic 
limit  of  28  per  cent,  liquid  limit  of  68  per  cent,  plasticity  index  of  40.  The 
use  of  this  soil,  since  its  composition  was  controlled,  ensured  a  high  degree 
of  uniformity  for  the  several  test  specimens.  The  soil  moisture  content  was 
maintained  between  36  and  39  per  cent,  corresponding  to  unconfined-comprea - 
sive  strengths  of  2.80  to  3.40  pai. 

When  placing  the  clay  soil  for  the  two-dimensi orial  tests,  the  glass- 
box  was  placed  on  its  back  and  the  glass  front  removed.  The;  test  panel  and 
support  assembly,  with  a  spacer  block  under  the  panel  to  prevent  initial 
deflection  were  then  installed.  Clay  was  hand-tarnped  in  uniform  layers, 
with  careful  control  of  its  moisture  content  during  placing.  Thus,  any 
layering  effects  due  to  the  method  of  placement  would  be  averaged  over  the 
plance  of  panel  deformation.  Sand  was  placed,  in  both  the  two-dimensional 
and  three-dimensional  tests,  by  pouring  it  from  a  controlled  height. 
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After  the  soil  had  been  placed  in  the  glass-box  apparatus  the  glass 
front  panel  was  removed  and  1/2-in.  x  1/2-in.  grid,  delineated  with 
1/16.  -in,  width  lines  of  colored  sand,  was  marked  on  the  screeded  surface 
of  the  compacted  soil.  Comparisons  between  this  grid  and  a  similar  grid 
on  the  glass  panel  permitted  a  visual  observation  of  deformations  in  the  soil 
as  the  panel  deflected  under  applied  loading. 

TEST  RESULTS 

The  symbols  and  terms  which  are  used  in  the  presentation  of  results 
and  the  subsequent  discussions  are  now  defined: 
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W{  r  ,0} 
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W(r, 


=  applied  surface  loading  (lb),  calculated  as 
the  product  of  applied  surface  pressure  and 
plan,  area  of  the  panel.  When  considering 
dynamic  loading,  the  applied  surface  pressure 
ia  taken  as  the  measured  peak  dynamic  pressure. 

=  observed  load  in  the  panel,  (lb) 

=  span  length  of  flexible  panel,  (in,  ]  between 
supported  edges. 

a  vertical  distance,  (in.)  between  ground  surface 
and  buried  flexible  panel,  prior  to  application 
of  surface  loading. 

=  measured  central  deflection  flexibLe  panel,  (in.) 
under  applied  load. 

=  panel  burial  ratio,  computed  as  the  quotient  of 
depth  of  cover  soil  over  the  panel  divided  by  the 
distance  between  panel  edge  supports.  Thus, 


=  panel  deflection  ratio,  calculated  as  the  quotient 
of  cumulative  central  panel  defLection  divided 


by  the  distance  between  panel  edge  supports 
Thus,  r.  =  — . 


applied  surface  load  corresponding  to  a 
specified  panel  deflection  ratio  and  a  zero  panel 
burial  ratio. 


-  applied  surface  load  corresponding  to  specific 
values  of  panel  deflection  ratio  and  panel 
burial  ratio. 
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w(r  |Tb)  E  observed  load  on  the  panel  corresponding  to 

specific  Values  of  pa  nel  deflection  ratio  and 
panel  burial  ratio, 


Equivalent  „  the  applied  surface  load  W(r  . ,  0)  whichi  for 

Load  ,  , 

panel  burial  ratio  rb  equal  to  zero,  produceB 

a  specified  value  of  the  panel  deflection  ratio. 


Equivalent-Load  s  This  ig  the  quotient  of  the  magnitude  of  singly- 
applied  surface,  load  which  produces  a  specified 
panel  deflection  ratio  rA,  assuming  a  panel 
burial  ratio  of  zero,  divided  by  the  actual  Bur- 
face  load  which  produces  the  same  panel  deflec¬ 
tion  ratio  at  a  finite  level  of  panel  burial  ratio; 
W(rA,  0) 

algebraically,  this  iB  ~W(r~A,~bT  *  °r  slnce 
W(rA,0)  =  w(rA,  0),  it  can  also  be  expressed 
w(rA,0) 

W(rA;rbr- 


Observed-l>oad 

Factor 


a  This  is  tho  ratio  of  obeerved  load  on  the  panel  to 
applied  surface  loading,  calculated  for  specified 
values  of  panel  deflection  ratio  r  A  and  panel 
burial  ratio  r  .  Algebraically  it  is  equal  to 

w<rA*rb)  . 


Load  Rediatribu-  _  ;8  tj,e  quotient  of  measured  load  on  the 

tion  Index,  I  ,  ,  ,  _  ., 

^  panel  at  specified  values  of  panel  deflection  ratio 

and  panel  burial  ratio,  divided  by  that  magnitude 
of  singly -applied  surface  load  which  results  in 
the  same  panel  deflection  ratio  for  a  zero  level 
of  panel  burial  ratio.  Algebraically, 

w<rA’  rb) 
lr  =  w(rA,0)  ’ 

For  each  test  in  those  series  where  the  surface  loading  was  statically 


applied,  the  loading  pressure  was  increased  incrementally  until  the  maximum 
desired  value  of  panel  deflection  ratio  had  been  reached.  At  each  Loading  Level, 


observations  were  made  of  the  total  load  carried  by  the  panel  and  of  the 
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TABLE  A- 4 


LOAD -DEFLECTION  DATA  FOR  TEST  PANELS 
AT  SOIL  SURFACE 


Test  Panel 

Deflection 

Ratio 

<rb> 

Uniform 

Load 

(psi) 

Total  Load 
(lb) 

Two-Dimensional 

0.0125 

MEM 

1.09 

0.0250 

■H 

2.50 

0.0375 

3.65 

0.0500 

■■ 

4.  93 

0.0625 

0.396 

6.34 

0.0750 

0.458 

7.33 

0.C875 

0.538 

8.  61 

0. 3000 

0.608 

9.74 

0. 1 125 

0.  678 

10.  38 

0. 1250 

0.758 

12.14 

Three-Dimensional 

0.012  5 

0.  084 

8.  06 

0.0250 

0. 174 

16.70 

0. 0375 

0.252 

24.20 

0. 0500 

0.  334 

32.  05 

0.0625 

0.432 

41. 50 

0.0750 

0.518 

49.75 

0. 0875 

0.  602 

57.80 

0. 1000 

0.  688 

66.  05 

0. 1125 

0.  784 

75.25 

0. 1250 

0.880 

84.50 
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cumulative  central  deflection  of  the  panel.  Surface  applied  pressure  and 
observed  panel  load  could  thus  be  correlated  with  increasing  stages  of  panel 
deflection.  In  the  dynamic  test  series,  since  a  single  loading  was  dynamically 
applied  to  the  surface  of  the  soil,  only  the  maximum  panel  deflection  and  the 
peak  load  on  the  structure  could  be  measured. 

Observed  values  of  surface  load  W,  panel  load  w,  and  central 
panel  deflection  A,  are  tabulated  for  reference.  For  use  in  subsequent 
evaluations,  these  tables  include  computed  values  for  observed-load  factors, 
equivalent-load  factors,  and  load  redistribution  indicies. 

DISCUSSION  OF  RESULTS 

For  specific  test  conditions,  observed  values  of  surface  load  W  and 
panel  load  w  can  immediately  be  related  to  each  corresponding  value  of  central 
panel  displacement.  However,  in  order  to  study  performance  trends,  it  is 
necessary  to  examine  the  inter-relationships  between  the  several  test  condi¬ 
tions.  The  observed-load  and  equivalent-load  factors  havB  been  introduced  for 
this  purpose.  These  factors,  by  their  definitions,  relate  surface  load  and  panel 
load  for  specific  values  of  panel  burial  ratio  and  panel  deflection  ratio.  Thus, 
an  increase  in  the  equivalent-load  factor  at  a  fixed  level  of  r^,  as  r^  is 
increased,  means  that  the  applied  surface  load  (W)  is  increasing  less  rapidly 
than  panel  deflection.  This,  in  turn,  indicates  that  the  resultant  of  the  half- 
span  loading  is  moving  toward  the  panel  center  and  away  from  the  supported 
edge.  An  equivalent-load  factor  of  unity  indicates  a  uniform  distribtuion  of 
panel  load. 

If  the  observed-load  factor  is  found  to  increase  with  increasing  panel 
deflection  ratio,  it  can  be  concluded  that  the  buried  panel  is  supporting  an 
increasing  share  of  the  applied  surface  load.  This  would  suggest  that  the 
strains  in  the  cover  soil  are  increasing  more  rapidly  then  is  its  shearing 
resistance. 

The  calculated  values  of  the  load-redistribution  index,  computed  as 
the  quotient  of  the  observed-load  factor  and  the  equivalent-load  factor,  provide 
useful  indications  of  the  probably  non-uniform  distribution  of  actual  loading  on 
the  panel.  Similarly,  the  absolute  differences  between  plots  of  the  two  load 
factors  are,  to  some  constant  scale,  measures  of  this  same  non-uniformity  of 
panel  load.  This  is  true  since: 
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observed-load  factor 

equivalent-load  factor 

difference 

Thus,  whan  evaluating  plots  of  load  factors  for  a  specific  panel 
deflection  ratio,  the  relative  slopes  of  the  two  plots  becomes  of  some  importance. 
Divergence  of  these  curves  suggests  that  an  increasing  portion  of  the  panel  load 
is  concentrated  near  the  panel  supports.  The  converse,  by  similar  reasoning, 
should  be  equally  true. 

The  buried  flexible  panels,  for  all  stable  loading  conditions,  must  be 
in  equilibrium  under  vertical  forces.  Nonlinear  relationships  must  almost 
certainly  exist  between  magnitude  of  applied  surface  load  area  over  which  such 
load  is  applied,  and  loading  response  of  a  buried  structure.  An  analytical 
approximation  can  be  obtained  by  substituting  a  uniform  surface  pressure, 
acting  over  a  finite  surface  area,  for  the  actual  loading  condition.  A  further 
approximation  is  an  assumption  that  this  idealized  loading  area  remains  un¬ 
affected  by  changes  in  magnitude  of  surface  loading  and  depth  of  burial.  On 
this  basis,  thevolume  of  cover  soil  affected  by  incipient  failure  of  a  soil-structure 
system  can  be  considered  to  be  bounded  by  the  ground  surface,  the  surface  of  the 
buried  structure,  and  potential  sliding  surfaces  extending  from  the  periphery  of 
the  panel  to  their  intersections  with  the  ground  surface.  By  this  assumption, 
it  follows  that  any  difference  between  applied  surface  load  W{rA,  0)  and  measured 
panel  load  w(r^,  r^)  is  transfered  to  the  soil  by  mobilizing  some  portion  of  the 
soil  shearing  strength  along  the  potential  sliding  surfaces.  The  analyses  of 
these  tests  results  have  assumed  that  these  potential  failure  surfaces  consist  of 
vertical  planes,  hence,  the  effective  area  over  which  a  surface  load  is  applied 
becomes  equal  to  the  area  of  the  test  panel. 

Neglecting  possible  inertial  effects,  and  postulating  that  the  difference 
between  applied  surface  load  and  observed  panel  load  is  transferred  to  the  soil 
above  a  buried  structure,  the  expressions  for  the  load  factors  can  be  written  as: 


*b, 

“  ^A’V 

w(rA,  0) 

=  W<*A>V 

w(rA>rb)  ‘  w(rA»  °) 
r.  1 
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observed-load  factor 


and 


wIrA> rb> 
w( r^,  +  w  soil 

w(rA,  0) 

equivalent-load  factor  =  — . -i— ; - — 

’  w(r^,  r,J  +  w  soil 


where  w  soil  is  the  load  carried  by  the  cover  soil. 

It  can  further  be  reasoned  that  finite  strains  must  be  developed  within 
the  soil  body  above  a  buried  structure,  if  soil  shearing  resistance  is  to  be 
mobilized.  The  stress-strain  relationship  may  or  may  not  be  linear,  depend¬ 
ing  on  the  soil,  but  increasing  localized  strains  will  be  associated  with  increas¬ 
ing  localized  stresses  until  peak  resistances  have  been  reached.  While  such 
relationships  are  valid  for  localized  points  within  the  soil  body,  immediate 
difficulties  are  encountered  in  extrapolations  on  a  global  basis  to  the  entire 
mass  of  soil  above  a  buried  structure.  If  the  effect  of  a  surface  load  on  a  soil 
structure  combination  is  such  that  a  non-uniform  distribution  of  shearing 
strains  results  within  the  soil  body,  a  non-uniform  distribution  of  interior 
stresses  will  also  exist.  Further,  due  to  the  general  non-linearity  of  the 
problem,  the  relationship  between  integrated  stresses  and  varying  levels  of 
integrated  strains,  as  referenced  to  the  total  depth  of  cover  soil,  is  largely 
a  statistical  one. 


For  any  total  shearing  strain  over  the  depth  of  cover  soil,  the 
stresses  at  localized  points  are  related  only  to  localized  strains.  In  con¬ 
sequence,  it  is  conceivable  that  the  peak  strengths  at  certain  points  within  the 
soil  body  could  be  exceeded  at  loadings  much  less  than  would  be  predicted  by 
a  consideration  of  average  strains  and  stresses  across  the  soil  depth.  Thus, 
a  localized  failure  may  limit  the  load-resisting  capacity  of  the  cover  soil, 
rather  than  the  possibility  of  a  general  failure  affecting  the  entire  soil  body. 

To  avoid  the  complexities  introduced  by  considering  stresB-strain 
relationships  within  a  soil  body,  it  is  customary  to  treat  the  soil  as  a  free 
body  subjected  to  specified  boundary  forces.  Using  this  approach,  the  maxi¬ 
mum  load-resisting  capacity  can  be  associated  with  some  finite  total  strain 
between  the  surface  of  the  soil  and  its  lower  boundary.  The  internal  distribu¬ 
tion  of  this  strain,  as  well  as  the  internal  variation  of  the  shearing  stresses 
which  combine  to  furnish  total  load  resistance,  remain  unknown.  This  approach, 
in  effect,  replaces  interior  stress -strain  considerations  by  a  weighted  averaging 
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of  the  localized  stresses  and  strains  throughout  the  soil  mass.  While  this  is 
a  major  simplification,  it  involves  some  important  assumptions  as  to  the 
boundaries  of  the  failure  mass  of  soil.  It  is  frequently  assumed^)  that  the 
entire  mass  of  soil  between  the  ground  surface  and  the  buried  structure, 
bounded  by  vertical  planes  delineating  the  periphery  of  the  structure, 
constitutes  the  incipient  failure  mass.  However,  there  remain  the  possibilities 
that  the  actual  bounds  may  be  influenced  by  localized  stresses  and  strains  and 
that  failure  planes  other  than  those  assumed  may,  in  fact,  prove  critical. 

If  the  stress -strain  relationships  within  a  loaded  soil  mass  are  such 
that  the  total  shearing  resistance  of  the  soil  does  not  increase  as  failure  be¬ 
comes  imminent,  the  failure  planes  developed  within  the  soil  should  ultimately 
extend  throughout  the  entire  soil  depth.  However,  a  localized  failure  as  a 
result  of  large  localized  strains  might  initiate  redistribution  of  stress- strain 
relationships  within  the  body  and  result  in  a  new  condition,  of  equilibriums.  If 
this  possibility  actually  exists,  some  patterns  of  soil  loading  might  conceivably 
produce  localized  failures  and  localized  yielding  within  the  body,  but  not  cause 
a  general  failure  of  the  entire  soil  depth, 

Additional  considerations  are  introduced  when  the  lower  boundary  of 
soil  mass  is  in  contact  with  a  buried  structure.  The  soil  and  structure,  when 
surface  load  is  applied,  will  deflect  as  a  unit  as  long  as  contact  is  maintained 
at  their  interface.  Each  material  will  then  contribute  some  portion  to  total 
soil -structure  resistance.  However,  in  much  the  same  way  that  the  total 
shearing  resistance  at  a  soil  mass  is  not  the  integrated  sum  of  peak  strengths 
at  its  interior  points,  the  maximum  load  resistance  of  the  composite  soil- 
structure  system  is  not  necessarily  the  sum  of  the  individual  peak  resistances. 
A  structure  which  will  tolerate  only  limited  deflections,  when  covered  with  a 
soil  which  requires  large  strains  to  develop  peak  strength,  may  fail  under 
applied  surface  load  before  any  appreciable  soil  strength  can  be  mobilized. 
Conversely,  a  highly-flexible  structure  may  contribute  little  to  the  composite 
strength  of  a  soil- structure  system  containing  a  stiff  soil.  This  leads  to  the 
conclusion  that,  if  maximum  resistance  is  to  be  developed  for  a  soil  -  structure 
system,  the  movements  at  the  soil- structure  boundary  should  simultaneously 
develop  the  peak  resistances  of  the  soil  and  of  the  structure.  Such  optimum 
behavior  may  represent  an  unrealistic  design  objective,  however. 
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As  indicated  earlier,  the  portion  of  the  applied  surface  load  supported 
by  the  buried  panels  of  the  test  series  is  measured  by  the  observed-load  factor, 
expressed  as 

w(rA  ,  rb)  ^ 

w(rA  *  ?b'  +  w  soil 

Applying  this  to  an  actual  buried  structure,  several  design  alternatives  are 
suggested.  As  one  possibility,  consider  the  case  where  cover  soils  have 
little  strength,  burial  depths  are  very  small,  and  the  structure  and  its  founda¬ 
tion  will  be  very  rigid  in  comparison  with  the  cover  soil.  For  this  situation, 
the  term  w  soil  in  '.he  denominator  may  be  of  little  consequence,  and  the 
obaerved-load  factor  can  be  approximated  as  unity  (note  that  the  corresponding 
equivalent-load  factor,  representing  the  distribution  of  structural  load,  need 
not  be  taken  as  unity).  At  the  other  extreme,  when  appreciable  burial  depths 
are  contemplated  in  a  soil  of  good  strength  properties,  use  of  a  very  flexible 
structure  of  limited  strength  couLd  be  considered.  It  would  appear,  from 
cursory  examination  of  the  terms  in  the  observed-load  factor,  that  a  structure 
of  essentially  no  strength  might  be  feasible  at  large  burial  depths.  Although  this 
might  prove  to  be  true,  there  may  also  exist  a  potential  for  localized  soil  failures 
at  finite  depths,  probably  associated  with  large  structural  deformations.  Should 
such  a  condition  actually  exist,  some  finite  level  of  structural  resistance  would'' 
be  advantageous  to  inhibit  localized  soil  failures  at  depths  within  the  soil  mass.1 

These  concepts  can  now  be  extended  to  soils  with  idealized  strength 
properties.  First,  consider  a  saturated  clay  whose  shearing  strength  is  related 
only  to  choesion  and  is  constant  at  all  points  within  the  soil  body.  Finite  shear¬ 
ing  strains  are  developed  in  the  soil  as  surface  load  is  applied,  developing  a 
finite  load  resistance  for  the  cover  soil.  However,  for  a  given  depth  of  soil, 
the  ultimate  load  which  the  soil  can  support  is  its  total  effective  shearing 
resistance  along  its  incipient  planes  of  sliding.  These  planes,  as  previously 
stated,  are  assumed  to  be  vertical  upward  extensions  from  the  periphery  of  a 
buried  structure.  The  shearing  resistance  of  a  fixed  loaded  area  of  soil,  for 
this  idealized  situation,  would  vary  linearly  with  depth  of  burial  but  remain 
independent  of  load.  In  the  two-dimensional  case,  by  this  same  reasoning, 
the  total  resistance  of  a  clay  cover  soil  becomes  a  linear  function  of  the  burial 
depth  ratio.  Thus,  the  observed-load  factor  associated  with  fully-mobilized 
resistances  of  ideal  clays  above  a  buried  structural  paneL  may  be  written  as: 
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w<rA'rb) 

w(rA,  rfa)  +  f  (depth) 

The  load  supported  by  the  buried  structure,  which  appears  as  the 
w(rA,r^)  term  in  this  expression  for  cbscrved-ioad  factor,  is  related  to  the 
vertical  displacement  at  the  soil-structure  interface.  (This  load-deflection 
relationship  was,  for  the  buried  test  panel,  observed  to  be  linear  at  zero 
burial  depth  but  non-linear  at  depths.  The  load  redistribution  index  1^  sup¬ 
plied  an  indication  of  the  degree  of  non-linearity).  Momentarily  neglecting 
the  resistance  of  the  structure  itself,  this  displacement  may  be  considered 
as  the  net  soil  strain  at  the  interface  when  there  is  incipient  failure  of  the 
loaded  soil  mass  above  the  buried  structure.  Utilizing  the  previously  stated 
assumption,  it  was  concluded  that  the  total  load  resistance  of  this  idealized 
soil  mass  would  be  a  linear  function  of  the  burial  depth  ratio.  From  this,  the 
net  displacement  at  the  soil-structure  interface,  considering  only  the  soil,  may 
also  be  approximated  as  a  linear  function  of  the  burial  depth  ratio.  Tho  soil  and 
structure  act  in  combination  to  resist  load  and,  for  these  idealized  conditions, 
it  appears  that  the  observed  load  on  the  structure  Bhould  increase  in  a  roughly 
linear  fashion  with  depth.  If  such  is  the  case,  there  would  belittle  change  in 
the  observed-load  factor 

w(rA>rb> _ 

w(rA,  r^)  +  w  soil 

as  burial  depth  ratios  are  increased  in  an  ideal  clay. 

Next,  assume  an  ideal  fully-drained  granular  soil,  whose  shearing 
strength  is  related  to  applied  load  and  to  its  effective  angle  of  internal  friction. 
Again  postulating  that  ultimate  failure  will  be  accompanied  by  vertical  sliding 
planes  between  the  panel  periphery  and  the  ground  surface,  and  still  assuming 
that  panel  deflections  are  adequate  to  mobilize  this  ultimate  soil  resistance, 
the  total  load-resistance  of  the  soil  mass  is  no  longer  independent  of  applied 
surface  load.  The  expression  for  observed-load  factor  at  a  specified  depth  of 
cover  now  becomes 

w(rA>  rb> 

w(rA>  rj,)  +  {(depth)" 
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where  n.  is  some  factor  larger  than  unity.  This  suggests  that  the  observed¬ 
load  factor  should,  for  an  ideal  sand,  decrease  with  increasing  burial  depths. 

Increasing  the  panel  deflection  ratio  would,  for  an  ideal  sand,  cease  to 
be  effective  once  the  soil  had  yielded  sufficiently  to  develop  its  ultimate  sliding 
resistance.  The  relative  density  of  such  soils  could  conceivably  become 
important,  since  the  panel  deflection  necessary  to  mobilize  the  full  shearing 
resistance  of  a  loose  sand  might  exceed  permissible  structural  limits.  At  the 
other  extreme,  a  dense  granular  soil  could  develop  such  small  strains  under 
applied  loads  that  only  a  portion  of  the  potential  panel  resistance  is  mobilized 
prior  to  soil  failure.  Immediately  prior  to  failure,  however,  a  soil  of  this 
type  might  expand  and  thus  induce  intolerably-large  panel  deflections. 

The  individual  test  series  are  now  separately  discussed,  and  their 
results  briefly  compared. 

1,  Sand,  Static  2-D  Loading  -  Load  factors  are  plotted  in  Figures  A-5  to  A-8, 
inclusive.  Both  plots  decreased  rapidly  as  the  panel  burial  ratio  increased 

to  1.0  or  1.5,  then  exhibited  an  appreciably  flatter  slope  to  the  test  limit, 

=  4.5.  Varying  the  panel  deflection  ratio  from  0.  025  to  0.  100  had  little 
effect  on  either  load  factor.  There  was  evidence  of  a  non-uniform  distribu¬ 
tion  of  panel  load  since  (as  was  found  to  be  the  case  in  all  test  series)  the 
equivalent-load  factors  were  less  than  observed-load  factors.  This  indicated 
a  concentration  of  panel  Loading  adjacent  to  panel  supports. 

2.  Sand,  Static  3-D  Loading  -  Load  factors  are  plotted  in  Figures  A-9  to  A-ll, 
inclusive.  Again,  both  load-factors  plots  decreased  rapidly  until  the  panel 
burial  ratio  reached  1.0,  then  displayed  a  flatter  slope  to  the  test  limit  of 

=  2.0.  However,  increasing  the  panel  deflection  ratio  from  0.025  to  0.075 
reduced  the  observed-load  factor,  particularly  for  the  larger  values  of  r^. 

This  suggests  that  the  shearing  resistance  of  the  soil  was  not  fully  mobilized 
by  the  smaller  panel  deflection. 

For  r,  =  1.0  and  r.  =  0.025  the  observed-load  factor  is  larger  in 
b  “ 

the  3-D  test  than  in  the  2-D  series,  while  the  equivalent-load  factors  are  roughly 
equal.  For  Larger  panel  deflections  (r^  =  0.  050  and  0.075)  both  factors  be¬ 
come  increasingly  greater  than  in  the  2-D  series.  The  data  also  indicate  that 
a  more  favorable  distribution  of  pane!  load  is  realized  in  the  three-dimensional 
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teats.  This  is  inferred,  from  the  greater  divergence  of  the  curves  of 
equivalent -load  factor  and  observed-load  factor,  as  compared  to  the  two- 
dimensional  tests.  It  was  also  observed  that  ability  of  the  soil  to  resist  load 
was  greater  in  the  3-D  tests.  This  suggests  that  end-effects  adjacent  to  the 
panel  were  actually  of  significance  in  the  3-D  tests  despite  the  deliberate  use 
of  an  elongated  test  panel.  In  any  event,  it  appears  that  any  frictional  forces 
which  may  be  developed  at  the  face  of  the  glass -box  in  the  2-D  tests  are  soon 
over- shadowed  by  three-dimensional  effects  in  the  3-D  series. 

3.  Sand  (dense),  Static  2-D  Loading  -  Load  factors  are  plotted  in  Figures  A-12 
and  A-L3.  These  were  computed  from  the  results  of  an  earlier  test  series, 
which  used  a  dense  sand^,  and  have  been  included  for  comparison.  The 
panel  used  in  this  series  had  a  deflection  ratio  of  0.  025  under  a  0.  100  psi 
uniform  load,  while  the  panels  used  in  all  later  2-D  series  required  a  0.  153 
psi  load  for  the  same  deflection  ratio.  Thus,  any  direct  comparisons  between 
the  results  for  the  medium  sand  (Figures  A- 5  and  A -6)  and  the  dense  sand 
(Figures  A-12  and  A -.13)  become  somewhat  obscured.  Also,  only  equivalent¬ 
load  factors  could  be  computed;  since  actual  panel  loads  were  not  observed. 
However,  it  is  of  interest  to  note  that  the  load  factor  curves  for  the  dense 
sand  are  quite  similar  in  shape  to  those  for  the  medium  Band.  Absolute  values 
of  the  equivalent -load  factor  are  somewhat  less  for  the  dense  sand. 

A  distinctive  feature  of  the  2-D  tests  in  dense  sand  was  the  sudden 
collapse  of  the  test  panel  for  r^  =  1.0  and  with  r^  between  0 . 05  and  0.  075. 
This  effect,  which  did  not  occur  in  the  medium  sand,  suggests  that  caution 
must  be  used  when  predicting  soil -structure  relationships  for  a  flexible 
structure  in  a  stiff  soil.  The  abrupt  failures  in  the  dense  sand  were  apparently 
accompanied  by  local  dilation  of  the  soil,  since  the  areas  of  reference  grids  in 
the  vicinity  of  the  panel  were  observed  to  increase.  (Figure  A-14). 

4.  Sand,  Dynamic  2-D  Loading  -  Load  factors  are  plotted  in  Figure  A-l  5, 

The  observed-load  factor  decreased  rapidly  to  about  0.  13  at  a  panel  burial 
ratio  of  0.  5,  and  subsequently  continued  to  decrease  to  a  value  of  about  0.  04 
at  r^  =  2.0,  the.  limit  of  the  test  series.  This  latter  value  of  the  observed¬ 
load  factor  was  appreciably  less  than  the  0.10  value  observed  in  the  static 
tests,  under  otherwise  comparable  conditions.  There  was  also  some  reduction 
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in.  the  equivalent-load  factor  for  the  3-D  tests,  as  compared  with  the  2-D 
series,  but  this  effect  was  less  striking. 

As  earlier  explained,  the  applied  surface  load  was  held  constant  for 
the  dynamic  series.  The  maximum  panel  deflection  was  measured,  and  the 
load-factors  computed  by  equating  W(r^  ,  0)  to  the  product  of  panel  area  and 
peak  dynamic  pressure.  Thus,  the  load  factors  were  actually  computed  for 
different  panel  deflection  ratios,  although  they  are  presented  in  Figure  A- 15 
as  a  continuous  plot.  Also,  the  use  of  the  peak  dynamic  pressure  in  calculating 
W(r^  ,  0)  may  have  resulted  in  load  factors  which  are,  in  fact,  too  low. 

5.  Clay,  Static  2-D  Loading  -  Load  factors  are  plotted  in  Figures  A-16  to 
A-19,  inclusive.  The  plot  of  observed-load  factors  decreased  rapidly  as 
panel  burial  ratios  increased  to  1.0  or  1.  5,  after  which  the  rate  of  decrease 
lessened.  However,  with  the  panel  burial  ratio  held  constant,  each  successive 
increase  in  panel  deflection  ratio  was  accompanied  by  a  related  increase  in 
the  observed-load  factor.  This  suggests  that  the  shearing  strength  of  a  fixed 
depth  of  soil  increased  little,  if  at  all,  as  the  applied  surface  load  was  increased. 
It  may  be  recalled,  as  illustrated  by  Figures  A-5  to  A-8,  that  the  observed¬ 
load  factor  in  similar  teats  on  a  granular  soil  remained  essentially  constant, 
suggesting  a  linear  relationship  between  soil  shearing  strength  and  applied 
surface  load  for  a  fixed  burial  depth  ratio. 

The  equivalent  load  factor  showed  a  marked  reduction  as  the  panel 
burial  ratio  increased  to  0.  5.  For  increasing  values  of  r^,  up  to  the  series 
limit  of  r^  =  2.0,  the  equivalent-load  factor  remained  essentially  constant. 

Thus,  at  the  larger  burial  ratios,  the  equivalent -load  plot  began  to  parallel 
the  observed-load  plot.  There  appeared  to  be  some  minor  increase  in  the 
equivalent-load  factor  as  r^  increased,  although  this  trend  was  uncertain. 

It  was  observed  that,  as  loading  progressed,  the  central  portion  of 
the  panel  deflected  until  contact  with  the  cover  soil  was  lost.  Obviously, 
particularly  at  low  burial  ratios,'  a  larger  portion  of  the  panel  Load  was 
concentrated  near  the  supported  edges.  Thus,  for  =  0.10  and  r ^  =  0.5, 
the  observed-load  factor  and  the  equivalent-load  factor  were  0.  68  and  0.08, 
respectively.  At  =  2.0,  holding  r^  unchanged,  corresponding  load  factor 
values  were  0. 23  and  0.  035. 
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Observed-load  factors,  regardless  of  the  values  of  r^  and  r^  at 
which  comparisons  are  made,  were  roughly  twice  as  large  for  2-D  tests  in 
clay  as  for  2-D  tests  in  sand.  This  disparity,  understandably,  was  greatest 
for  the  larger  values  of  r^  .  However,  there  was  very  little  difference 
between  values  of  the  equivalent-load  factors  for  comparable  test  conditions 
in  the  two  soils. 

After  the  surface  load  was  applied  to  the  test- specimen,  readings 
were  taken  of  panel  load  and  panel  deflection.  Since  panel  deflections 
continued  to  increase  under  a  given  load  increment,  although  at  a  decreasing 
rate,  a  portion  of  the  observed  panel  deflection  was  the  result  of  time- 
dependent  soil  deformation.  Recognizing  this  effect,  a  standardized  test 
procedure  was  adopted  whereby  deflection  measurements  were  made  within 
a  controlled  time  after  load  application;  this  procedure  did  not,  however, 
exclude  a  cumulative  effect  on  measured  panel  deflections  as  load  increments 
were  increased. 

6.  Clay,  Dynamic  2-D  Loading  -  Figure  A- 20  shows  plotted  load  factors  for 
2-D  dynamic  teste  using  clay  soil.  Both  load  factors  decreased  rapidly  with 
increasing  panel  burial  depth  ratios,  up  to  the  test  limits  of  r^  =  1.0.  The 
two  plots  remained  essentially  parallel  throughout  their  lengths,  indicating 

a  constant  relationship  between  panel  load  distribution  and  applied  load.  The 

observed-load  factor  decreased  from  0.  32  at  r,  *  0.5  to  0.06  at  r,  =  1.0. 

b  b 

In  this  same  interval,  the  eifective-load  factor  decreased  from  0.  10  to  0.01. 

The  load  factors  for  the  clay  dynamic-load  series  were  appreciably 
leas  than  those  computed  for  the  clay  static-load  series.  In  fact,  particularly 
aa  r^  approached  1.  0,  the  dynamic  load-factors  for  the  clay  were  very 
similar  to  the  dynamic  load-factors  for  sand  (Figure  A- 13). 

7.  General  Discussion  of  Load  Redistribution  -  Figures  A-21  through  A-28 
present,  for  all  series  of  tests,  the  structural  load  redistribution  ratios  as 
related  to  burial  ratios.  These  results,  since  they  are  considered  particu¬ 
larly  significant,  are  discussed  separately  from  the  remainder  of  the  test 
data. 

Figures  A-21  through  A-24  show  data  obtained  from  the  two- 
dimensional  tests  in  both  sand  and  clay.  The  load  redistribution  for  both 
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soil  types  is  seen  to  increase  quite  rapidly  with  burial  ratio,  up  to  a  depth  of 
approximately  one  panel  width.  The  redistribution  ratio  for  the  cohesionless 
sand  soil  then  remains  essential  constant,  as  burial  depth  increases,  especially 
for  deflection  ratios  greater  than  0.  025.  For  the  cohesive  soil,  however, 
this  ratio  reaches  a  maximum  value  and  subsequently  decreases.  The  plots 
of  observed  and  equivalent  load  factors  were  also  seen  to  experience  major 
changes  in  slope  at  burial  ratios  of  1 . 0  to  1.5.  Thus,  as  the  burial  ratio 
increases  from  zero  to  1.0  or  1.5,  greater  ability  of  the  soil- structure 
system  to  withstand  surface  loading  is  evidenced.  ThiB  gain  results  both 
from  a  favorable  redistribution  of  the  load  transmitted  to  the  panel  and  from 
the  continuing  mobilization  of  soil  shearing  strength.  At  greater  depths, 
however,  it  appears  that  the  trend  towards  favorable  load  redistribution  no 
longer  exists.  As  a  consequence,  the  rate  of- change  of  load  factors  reduces. 

In  cohesionless  soil,  as  was  previously  postulated,  a  constant  redistri¬ 
bution  of  load  could  accompany  an  increasing  burial  depth  if  localized  yielding 
in  the  soil  body  established  the  limiting  soil  resistance.  Once  sufficient  soil 
cover  is  obtained  to  allow  formation  of  this  localized  failure,  the  effective  soil 
resistance  would  become  essentially  independent  of  additional  soil  cover. 

While  there  is  an  appreciable  scatter  in  the  data,  the  curves  for  the  larger 
deflection  ratios  tend  to  indicate  that  the  load  redistribution  ratio  will  also 
become  constant  in  the  cohesive  soil  with  increasing  depth  of  burial.  This 
might  be  expected  if,  at  some  limiting  depth,  the  soil  cover  functions  as  a 
very  deep  beam  whose  strength  is  limited  by  its  shearing  resistance. 

Figures  A-25,  A-26  and  A-27  present  similar  results  for  the  three- 
dimensional  testa  in  sand.  While  the  same  trends  are  seen  as  in  the  two- 
dimensional  tests,  greater  load  redistribution  effects  are  evidenced. 

Figure  A-28  presents  results  of  the  dynamic  tests  in  both  the  sand 
and  clay  soils.  Here  the  effects  of  redistribution  at  shallow  depths  of  burial 
are  less  pronounced  than  for  static  surface  loading.  This  might  be  due  to  the 
initial  impulse  loading  as  the  shock  pulse  engulfs  the  structure.  However, 
once  the  panel  begins  to  deform,  accompanying  deformations  of  the  soil  must 
occur  if  the  loading  on  the  structure  is  to  be  maintained.  This,  in  turn,  will 
mobilize  the  resistance  of  the  soil  to  deformation. 
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CONCLUSIONS 


The  following  conclusions  have  been  postulated  from  the  results  of 
the  exploratory  tests  as  reported  in  this  paper.  Their  validity  is,  in  our 
present  state  of  knowledge,  restricted  solely  to  the  conditions  of  the  test 
series.  It  is  cautioned  that  any  attempts  to  extrapolate  these  conclusions  to 
other  environments,  in  particular  the  evaluation  of  full-scale  structures  and 
actual  loading  conditions,  should  be  preceded  by  a  careful  program  of  testing 
and  analysis. 

1.  The  total  load  actually  carried  by  a  buried  flexible  panel,  as  a  consequence 
of  applying  either  static  or  dynamic  loading  at  the  ground  surface,  was  found 
to  be  appreciably  less  than  the  product  of  the  applied  surface  pressure  and 

the  panel  area.  This  observed  effect  waa  of  particular  significance  at  burial 
depths  of  one  to  two  panel  widths.  The  reduction  in  load  occurred  both  in  clay 
and  in  sand  soils  but,  for  the  particular  soils  used  in  these  tests,  was  found 
to  be  considerably  greater  for  the  sand. 

2.  Application  of  a  uniform  surface  loading  resulted  in  a  non-uniform 
distribution  of  loading  on  a  buried  flexible  panel.  There  was  evidence  that 
the  panel  load  was  concentrated  near  the  supported  panel  edges,  for  all  soils 
and  for  all  conditions  of  loading,  (Such  a  load  distribution  is,  of  course, 
favorable  in  the  design  of  a  flexural  member).  The  benefits  of  panel  load 
redistribution  appeared  most  significant  in  clay  soils  and  at  low  burial  depths. 

3.  The  contribution  which  the  soil  above  a  buried  flexible  panel  made  to  com¬ 
bined  soil-structure  resistance  appeared  to  be  a  function  of  applied  surface 
load  for  the  granular  soil.  In  the  case  of  the  clay  soil,  there  was  evidence 
that  a  limiting  soil  strength  existed  at  each  burial  depth  and  was  essentially 
independent  of  applied  surface  load. 

4.  The  load  factors  obtained  in  the  2-D  tests  were,  with  very  minor  exceptions, 
larger  than  those  obtained  in  the  3-D  tests.  This  suggests  that  the  2-D  test 
may  be  used  to  obtain  a  conservative  estimate  of  the  soil  strength  developed 

in  a  3-D  test.  This  is  of  practical  importance  since  the  2-D  test  is.  in 
comparison  with  the  3-D  test,  inexpensive  and  rapid. 
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5.  The  load  factors  obtained  in  the  static  tests  were  larger  than  those 
obtained  in  the  dynamic  tests.  Therefore,  the  results  of  the  static  tests 
could  be  used  as  a  conservative  approximation  of  the  load  reductions  measured 
in  the  dynamic  tests.  However,  the  apparent  significance  of  inertial  and 
time- dependent  effects,  as  observed  in  these  tests,  suggests  the  desirability 
of  including  dynamic  loadings  in  any  future  studies. 

6.  An  increase  in  the  deflection  of  the  buried  panel  was  accompanied  by  an 
increase  in  the  load  which  it  supported.  This  increase  was,  for  sand  soils, 
almost  proportional  to  the  increase  in  applied  surface  load,  h'or  clay  soils, 
however,  the  panel  load  increased  more  rapidly  than  the  surface  load  when 
large  panel  deflections  were  studied.  To  a  considerable  extent,  this  apparent 
disadvantage  for  the  clay  soil  was  offset  by  a  continuing  trend  towards  more 
favorable  distributions  of  panel  load. 

7.  The  relation  between  those  strains  which  occur  in  the  cover  soil  and  the 
deflections  in  the  buried  flexible  panel  appeared,  for  the  test  conditions,  to 
be  of  decided  importance.  Thus,  as  panel  deflections  increased  in  the  clay 
loading  series,  the  central  portion  of  the  panel  lost  contact  with  the  cover 
soil.  Also,  in  earlier  loading  tests  using  a  dense  sand,  the  soil  was  observed 
to  undergo  some  local  expansion  immediately  prior  to  the  abrupt  failure  of  the 
panel. 
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>  ig.  A- 1  SCHEMATIC  TWO-DIMENSIONAL  TEST  MODEL 
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Fig.  A-4  SCHEMATIC  SHOCK  TUBE  WITH  ATTACHED  SOIL  BOX 
AND  GENERATED  AIR  SHOCK  PULSE 


Fig.  A-5  LOAD  FACTORS  AS  RELATED  TO  BURIAL  RATIO,  TWO-DIMENSIONAL 
STATIC  TESTS,  MEDIUM  DENSE  SAND,-  r.  =  0.025 
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Fig-  A- 6  LOAD  FACTORS  AS  RELATED  TO  BURIAL  RATIO,  TWO-DIMENSIONAL 
STATIC  TESTS,  MEDIUM  DENSE  SAND,  r  =0.  050 
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Fig.  A-9  LOAD  FACTORS  AS  RELATED  TO  BURIAL  RATIO,  THREE- 
DIMENSIONAL  STATIC  TESTS,  MEDIUM  DENSE  SAND, 
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Fig.  A- 1 8  LOAD  FACTORS  AS  RELATED  TO  BURIAL  RATIO,  TWO- 
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Fig.  A- 22  STRUCTURAL  LOAD  REDISTRIBUTION  RATIO  AS  RELATED  TO  BURIAL.  RATIO, 
TWO-DIMENSIONAL  STATIC  TESTS,  rA  =  0.050 


Fig.  A  -26  STRUCTURAL  LOAD  REDISTRIBUTION  RATIO  AS 

RELATED  TO  BURIAL  RATIO,  THREE  DIMENSIONAL 
STATIC  TESTS,  MEDIUM  DENSE  SAND,  rA  =  0.050 
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Fig.  A -28  STRUCTURAL  LOAD  REDISTRIBUTION  RATIO  AS 

RELATED  TO  Serial  "OTTO, '"TWO  DIMENSIONAL 

DYNAMIC  TESTS 
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FIBER  REINFORCED  PLASTIC  SHELTERS 


I.  INTRODUCTION 

The  feasibility  of  using  plastics  for  underground  shelters  was 
established  in  1959  in  an  investigation  for  the  U,  S.  Navy  Civil  Engineering 
Laboratory^).  At  that  time,  it  was  found  that  fiberglass  reinforced  plastic 
(FRP)  was  the  only  plastic  material  suitable  for  structural  applications 
involving  large  components.  This  material  is  formed  by  laminating  glass 
fibers  in  a  resin  matrix.  The  possible  combinations  of  resin-glass  systems 
is  extremely  large  due  to  the  variety  of  available  resins,  glass  systems, 
and  fabrication  techniques.  After  commenting  very  briefly  on  a  few  system 
components,  we  shall  sharply  focus  our  attention  on  the  relative  character¬ 
istics  of  one  particular  type  of  laminate;  namely,  the  spray-up  polyester 
laminate . 

Polyester  and  epoxy  resins  are  the  most  common  types  of  laminating 
resins.  The  polyester  systems  are  generally  easier  to  control  during  fabri¬ 
cation  and  are  less  expensive  than  the  epoxy  systems.  However,  the  epoxy 
formulations  generally  provide  a  stronger  material,  particularly  when  water 
conditions  exist.  Polyester  based  laminates  lose  approximately  20  percent 
of  their  ultimate  strength  in  water  while  epoxies  lose  about  10  percent.  It 
is  common  practice  in  the  small  boat  industry  to  use  the  cheaper  polyester 
resin  and  increase  the  wall  thickness  to  compensate  for  the  loss  in  strength. 

In  other  respects,  the  polyester  and  epoxy  systems  are  quite  similar, 

Three  basic  fiberglass  raw  material  forms  are  currently  used  in  FRP 
construction;  cloth,  woven  roving,  and  chopped  fiber  mat.  Some  of  the 
advantages  and  disadvantages  of  these  reinforcement  types  are  given  in 
Table  I.  We  are  particularly  interested  in  the  chopped  mat  fiberglass  because 
of  its  low  cost. 

The  following  typical  fabrication  methods  are  used  in  the  manufacture 
of  structural  plastics. 

I .  Matched  Metal  Molding 

Matched  metal  molding  involves  the  use  of  two  mated  molds  mounted 
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in  a  press.  Fiberglass  is  placed  at  the  desired  locations  of  the  mold,  and 
resin  poured  over  the  fabric.  The  press  is  then  closed  to  provide  pressure, 
while  heat  is  applied.  This  type  of  manufacture  generally  results  in  the  best 
quality  laminate.  However,  the  press  tends  to  damage  the  fabric  when  used 
in  complicated  shapes  such  as  a  corrugation.  For  this  reason  such  compli¬ 
cated  shapes  would  result  in  higher  unit  cos's  than  smooth  surfaces.  Presses 
for  this  type  of  molding  generally  do  not  exceed  40  square  feet. 

2.  Vacuum  Bag  Molding 

Vacuum  bag  m  olding  consists  of  a  single  mold  of  wood,  plaster,  or 
metal.  Glass  and  resin  are  applied  to  the  mold,  and  a  rubber  bag  conforming 
to  the  shape  of  the  mold  is  placed  over  the  material.  A  vacuum  is  then  drawn 
between  mold  and  bag,  and  the  resin  is  manually  worked  through  the  fabric. 
The  vacuum  helps  to  draw  the  resin  through  the  glass,  and  tends  to  remove 
the  entrapped  air  from  the  laminate.  This  method  also  yields  a  sound  lami¬ 
nate,  but  is  limited  to  panels  having  an  area  of  approximately  30  square 
feet  or  less. 

3.  Rubber  Bag  Molding 

Rubber  bag  molding  is  similar  to  vacuum  bag  molding,  but  the 
bag  is  pressurized;  therefore,  positive  pressure  is  applied  to  the  laminate. 

4.  Autoclave  Process 

The  autoclave  process  is  used  to  supplement  the  vacuum  bag  tech¬ 
nique.  In  this  method,  the  formed,  wetted  laminate,  and  vacuum  bag  are 
placed  in  an  autoclave  chamber,  which  is  steam  heated  and  pressurized. 

This  yields  a  laminate  which  is  of  good  quality  since  substantial  pressures 
and  high  temperatures  may  be  achieved.  Autoclaves  have  been  frequently 
employed  in  the  fabrication  of  radome  panels. 

5.  Open-Hand  Layup 

This  technique  utilizes  a  mold  upon  which  the  resin  and  fabric  are 
placed.  The  entire  mold  is  then  covered  with  plastic  film,  and  the  resin  is 
worked  through  the  fabric  by  hand.  When  the  glass  has  been  properly  "wet 
out,  "  the  mold  is  set  aside  until  curing  of  the  resin  is  complete.  This  curing 
may  be  done  at  room  temperature,  or  heat  may  be  applied  with  heat  Lamps 
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or  other  means.  This  method  does  not  yield  laminates  of  the  quality  of  the 
other  methods,  and  results  in  an  extremely  slow  rate  of  production.  This 
technique  permits  larger  panel  sizes  than  the  other  methods,  but  also  costs 
as  much  as  50  percent  more  than  the  matched  molding  method  when  large 
numbers  of  components  are  manufactured.  For  small  quantities  of  large 
parts,  the  low  mold  cost  makes  this  method  more  economical  than  the 
matched  molding  procedure. 

6.  Spray  Gun 

In  this  method,  a  spray  gun  is  fitted  with  a  chopper  in  such  a  way 
that  short  (3/4")  lengths  of  fiber  can  be  deposited  simultaneously  with  a 
resin.  The  chopped  fibers  form  a  mat  of  fibers  with  random  orientations. 
The  resulting  laminates  are  subject  to  extreme  thickness  variations  about 
some  nominal  thickness;  however,  the  ratio  of  glass  to  resin  at  any  point  in 
the  laminate  varies  only  slightly.  As  in  the  case  of  hand-lay-up,  the  mold 
costa  are  quite  low  and  the  possible  sizes  and  thicknesses  of  components  are 
unlimited.  Finally,  the  cost  per  unit  weight  of  large  and  small  components 
of  either  simple  or  reasonably  complex  shapes  is  amazingly  constant  when 
surface  finish  is  unimportant.  The  structural  capabilities  of  the  materials 
formed  by  this  process  have  been  proven  through  their  use  in  boat  hulls, 
automobile  and  truck  bodies,  and  in  large  storage  tanks  and  bins. 

II.  CHARACTERISTICS  OF  SPRAY- UP  POLYESTER  LAMINATES 

A,  General.  Advantages 

In  this  subsection  we  shall  indicate  a  number  of  advantages  which  are 
generally  attributed  to  FRP  Spray-Up  structures. 

1.  Corrosion  Resistance 

2.  Water- proofing 

The  versatility  of  the  spray-up  method  enables  one  to  produce  large 
monolithic  structures  and  thereby  avoid  the  troublesome  water-proofing  of 
many  joints.  In  1960,  an  excellent  report  was  issued  by  Rome  Air  Develop¬ 
ment  Center  on  spray- in-place  shelters^^.  This  report  establishes  the 
feasibility  of  fabricating  large  monolithic  FRP  structures  in  the  field.  In 
addition,  it  contains  a  detailed  description  of  the  spra.y-up  process. 
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3.  Variable  Thickness  Control 


The  design  of  minimum  weight  structures  generally  calls  for  plates 
and  shells  of  variable  thickness.  By  properly  establishing  the  "shooting 
schedules"  during  spray-up,  it  is  relatively  easy  to  control  the  thickness 
throughout  a  structure.  By  contrast,  continuous  thickness  variations  in 
metal  sheila  can  be  effected  only  at  great  cost. 

4,  Easy  Repair 

5 ,  Easy-Cut-Thru 

Although  seldom  pointed  out,  the  debris  which  attends  a  nuclear 
detonation  has  a  high  likelihood  of  blocking  the  entrance  systems  of  shelters. 
Furthermore,  if  pressure  levels  are  experienced  which  are  somewhat  higher 
than  anticipated,  it  is  possible  that  the  functioning  of  blast  doors  may  bo 
impaired.  In  the  case  of  such  eventualities,  it  might  be  desirable  to  cut 
through  various  parts  of  the  structure  as  a  means  of  egress.  This  is 
accomplished  in  steel  and  concrete  structure  only  with  special  tools  and 
much  labor.  In  FRP  however,  the  simplest  hand  saw  can  be  used  to  quickly 
cut  through  any  surface. 

6,  Scarcity  of  Conventional  Materials 

It  has  been  pointed  out  in  Reference  1  that  the  seriousness  of  a  wartime 
scarcity  of  conventional  building  materials  must  be  kept  in  mind  when  comparing 
the  relative  desirability  of  FRP,  steel,  and  reinforced  concrete.  It  should 
be  remembered  that  increasing  use  of  FRP  for  military  purposes  may  s-iso 
make  this  material  somewhat  scarce  in  a  war  emergency. 

B.  General  Characteristics 

For  all  practical  purposes,  the  tensile  load  on  an  FRP  laminate  is 
carried  by  the  glass  fibers.  Consequently,  one  usually  strives  to  achieve  a 
high  glass  content  laminate.  In  the  spray  process  it  becomes  extremely 
difficult  to  wet  out  the  glass  fibers  when  the  glass  content  exceeds  50  percent 
by  weight.  Minimum  cost  laminates  generally  use  from  30  to  38  percent  of 
glass.  At  these  percentages,  the  compressive  strength  of  the  laminates  is 
greater  than  their  tensile  strength.  In  high  performance  laminates  (high 
glass  content)  one  finds  the  opposite  effect,  e.  g.  .  here  the  bending  specimens 
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fail  on  the  compressive  side.  The  nature  of  the  glass  matrix  in  most  FRP 
laminates  makes  the  propagation  of  cracks  extremely  difficult.  As  a  conse¬ 
quence,  catastrophic  failures  are  seldom  found  in  spray-up  FRP  structures. 

It  appears  that  each  glass  fiber  in  a  laminate  provides  resistance  only 
in  the  direction  parallel  to  its  length.  The  presence  of  forces  perpendicular 
to  t-he  fibers  do  not  affect  the  primary  resistance  parallel  to  the  fiber.  The 
strength  of  a  laminate  in  a  given  direction  is  then  proportional  to  the  total 
projected  cross-sectional  area  in  that  direction  and  is  independent  of  the 
forces  acting  in  other  directions.  On  this  basis  we  can  predict  strength  in 
a  biaxial  stress  field  using  a  maximum  stress  theory.  For  isotropic  lami¬ 
nates,  such  as  a  spray-up  laminate,  we  then  have  a  simple  strength  criterion. 

Ill,  COMPARISON  OF  FRP  WITH  CONVENTIONAL  MATERIALS 

A,  Weight  Comparisons 

There  are  certain  cost  advantages  which  accrue  to  light  weight 
structures  by  virtue  of  their  lower  shipping  and  erection  costs.  For  this 
reason  it  appears  useful  to  describe  the  relative  efficiency  of  FRP  Bpray-up 
lamdnates  with  reference  to  conventional  materials. 

The  selection  of  materials  for  minimum  weight  applications  is  generally 
accomplished  through  the  use  of  merit  indices^,  These  indices  are  used  to 
compare  FRP  with  steel  and  aluminum  in  Table  II.  In  each  of  the  cases 
tabulated,  the  structural  weight  is  inversely  proportional  to  the  merit  index. 

We  may  conclude  from  Table  II  that  FRP  is  inferior  to  steel  and  aluminum  in 
both  stiffness  and  stability  applications;  it  is  superior  in  elastic  impact.  In 
strength  applications,  FRP  is  much  better  than  steel  and  about,  equal  to  aluminum. 

B.  Cost  Comparisons 

The  considerations  of  the  previous  section  on  weight  are  only  incidental 
to  tlhe  real  problem  of  shelter  design,  -  minimum  cost.  In  this  section  our 
attention  is  turned  to  cost  comparisons  of  the  most  elemental  structural 
components;  namely,  the  plate  in  tension  and  flexure  and  the  sandwich  panel 
in  flexure.  In  Table  III,  the  cost  of  FRP  members  is  compared  to  equivalent 
memb'16  in  mild  st.eel.  Such  a  comparison  reflects  only  the  gross  features 
entering  into  the  total  costs  of  either  material,  and  for  this  reason,  the  cost 
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Table  B-Z 


MERIT  INDICES 


Structural  Application 

Index 

FRP 

Mild  Steel 

Aluminum 

6061 -T6 

Tension 

Vf 

239  x  103  in 

212xl03  in 

388 xlO3  in 

Bending 

aA 

376  x  103  in 
(ultimate) 

117xl03  in 
(yield) 

357xl03  in 
(yield) 

Compression 

V? 

367 xlO3  in 

•17xl03  in 

357 xlO3  in 

Buckling 

1 4  x  103 

!9.  3xl03 

32.  5xl03 

Solid  Column 

Buckling 

p'H 

12.9xl04 

34.  lxlO4 

47.  4x  104 

Thin- Walled  Circular  Tube 

Elastic  Impact 

(«7?)Z 

1Z9x10Z  in 

l.  37xl0Z  in 

12.  7xlOZ  in 

(S/?j 

Stiffness 

E/f 

llxl0&  in 

lOOxIO6  in 

lOOxIO6  in 

Physical  Properties  of  FRP 
Tensile  Strength 
Compressive  Strength 
Flexural  Strength 
Modulus  of  Elasticity  (tension) 
Modulus  of  Elasticity  (flexure) 
Weight  Density 
Glass  Content  (by  weight) 
Modulus  of  Toughness 


1  3,  000  pel 
20,  400  psi 
20,  900  psi 
0.  23x  10^  psi 
0.61x10^  psi 
0.0555  lbs/in3 
30  percent 

rv  twice  modulus  of  resilience 
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r elationships  can  be  quite  different  in  special  situations. 

In  preparing  Table  III,  all  compromises  were  made  in  favor  of  the 
FR.P.  The  unit  cost  for  the  FRP  laminate  was  taken  as  $1.02  per  pound 
which  is  somewhat  lower  than  usually  quoted.  It  is  assumed  that  we  have  a 
filled  resin,  mass  production,  and  that  no  great  concern  be  given  tc  surface 
finish.  The  unit,  cost  of  the  steel  plate  in  place  was  taken  at  $0.  15  per  pound. 

Examination  of  Table  III  indicates  that  FRP  is  more  costly  than  steel 
in  every  application  except  elastic  impact,  The  closest  comparison  is  found 
to  be  in  the  bending  strength  of  solid  laminates.  It  is  very  clear  that  FRP 
structures  are  competitive  only  in  special  applications  where  several  of  their 
desirable  characteristics  can  be  combined.  Since  shell  structures  may  be 
just  such  special  cases,  a  few  remarks  will  be  made  about  these  structures 
in  the  concluding  sections  of  this  appendix. 

C.  Selection  of  Panels 

Plastic  and  FRP  laminates  are  available  in  an  enormous  variety  of 
forms  and  it  is  customary  to  use  some  measure  of  unit  stress  to  evaluate 
their  strength.  Unfortunately,  this  evaluation  procedure  is  strictly  valid 
only  for  homogeneous  specimens  whose  stress  distribution  can  be  found  from 
equilibrium  conditions  alone,  e.g.,  tension  specimens,  thin-walled  circular 
torsion  specimens,  or  thin-walled  cylinders  under  internal  pressure.  For 
non-homogeneous  members,  such  is  sandwich  panels,  a  single  number  for 
the  ultimate  stress  is  without  meaning.  Furthermore,  when  the  stress- strain 
characteristics  of  a  material  are  non-linear,  as  in  the  case  of  some  thin 
spray-up  laminates,  utilization  of  the  modulus  of  rupture  |cf  =  — jy~)  can  lead 
to  very  large  errors  in  the  predicted  moment  capacity  of  different  thickness 
laminates. 

At  the  present  time,  it  would  seem  to  be  more  reasonable  to  report 
the  moment  capacity  per  unit  width  for  every  laminate  rather  than  their 
modulus  of  rupture.  With  this  information  available,  it  is  the  possible  to 
construct  a  Cost-Moment.  Capacity  diagram  which  could  include  all  types  of 
panels  regardless  of  material,  non-linearity,  or  non -homogeneity .  A  moment- 
thickness  diagram  for  spray-up  laminates  is  presented  in  Fig.  1.  If  this 
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-Figure  B-l 

MOMENT  CAPACITY-  -THE1HCKNEESS  RELATIONSHIP  FOR  SPRAY-UP  LAMINATE 


IJ-10 


curve  were  based  on  the  modulus  of  rupture  of  the  1/16  inch  laminate,  the 
moment  capacity  for  the  3/8  inch  laminate  would  be  in  error  by  about 
10  percent. 

IV.  SHELL  STRUCTURES 

A.  General  Remarks 

In  our  previous  comparisons  of  FRP  and  steel  components,  we  found 
that  steel  at  $300  per  ton  produced  lower  cost  elements.  For  shell  structures 
which  have  non- developable  geometries,  it  is  generally  necessary  to  press 
flat  steel  plates  into  segments  of  a  shell  and  weld  these  segments  into  a 
complete  shell.  The  labor  involved  in  such  fabrication  is  high  and  the 
amortized  die  coat  for  small  numbers  of  special  ehapes  is  enormous.  As 
we  have  already  indicated,  the  cost  of  relatively  intricate  shapes  in  FRP  iti 
just  about  the  same  as  for  simple  shapes;  therefore,  it  is  quite  possible  for 
FRP  to  be  competitive  with  non-developable  steel  shells. 

In  the  remaining  two  sections  we  shall  consider  several  character¬ 
istics  of  the  design  of  spherical  caps  and  hyperbolic  paraboloids. 

B.  Spherical  Caps 

Consider  the  design  of  the  hydrostatically  loaded  spherical  cap  shown 
in  Fig.  2.  According  to  the  maximum  stress  theory  this  shell  will  fail  when 
the  maximum  principal  stress  is  equal  to  the  tensile  strength  of  the  material 
efrj..  To  resist  a  pressure  p,  the  smallest  thickness  must  be  taken  as 


2ot 


(1) 


Using  this  thickness,  we  find  the  weight  of  the  shell  to  be 


W  =  Ate  = 


(2) 


where  h  is  the  height  of  the  cap  as  shown  in  Fig  2.  From  the  geometry  of 
the  cap, 


hZ  ,  i2 
h  ■  t  k 

2h 


(3) 
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Thus,  the  shell  weight  per  unit  cu  base  area  is 


r  ->  U 

W  _  p  k  [l  +  (h/kj  J 

irk2  4 (^T/f ]  (h  k 


(4) 


It  i.s  clear  from  this  equation  that  for  similar  shells  the  weight  per  unit 
enclosed  area  increases  linearly  with  the  span.  To  find  the  minimum  weight 
shell  for  a  given  span  2k,  we  differentiate  W/frl*2  with  respect  to  (h/k)  and 
set  the  result  equal  to  zero;  thus,  the  optimum  ratio  becomes 


(h/k)  =  l/VF  or  r  a  kz/y/T 

O  O' 


(5) 


and  the  corresponding  minimum  weight  is 


!  W  )  _  4-n/T  p  k 
kk2)o  "  9  (^T/f) 


(6) 


Clearly,  the  weight  varies  inversely  with  the  specific  tenacity, 

(cr  T  /^  ) .  Asa  matter  of  interest,  the  hemispherical  shell  weighs  30  percent 

more  than  the  optimum  shell.  When  a  shell  is  evaluated  together  with  the 

other  components  of  an  entire  structure,  the  optimum  radius  will  ger  rally 

(4) 

be  different  from  that  described  here.  '  However,  the  main  features  of  the 
optimum  design  are  reflected  by  this  treatment. 


C.  Hyperbolic  Paraboloids 

The  variety  of  roof  systems  which  can  be  synthesized  using  hyperbolic 
paraboloid  (HP)  panels  is  quite  extensive;  however,  ik  is  possible  to  study  a 
wide  range  of  such  structures  by  considering  the  weight  per  unit  projected 
area  of  a  typical  panel.  The  equation  of  the  HP  surface  shown  in  Fig.  3  is 


z  = 


(7) 


When  the  slopes  on  this  surface  are  small,  one  obtains  a  simple  expression 
for  the  shell  area; 
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•thus,  the  shell  weight  per  unii  of  base  area  is 


r  ->  }'l 

W  _  p  k  [l  +  (h/k)  , 

irk2  4(rfT/^j  'h'k) 


(4) 


It  is  clear  from  this  equation  that  for  similar  shells  the  weight  per  unit 
enclosed  area  increases  linearly  with  the  span.  To  find  the  minimum  weight 
shell  for  a.  given  span  2k,  we  differentiate  W/trk  with  respect  to  (h/k)  and 
set  the  result  equal  to  zero;  thus,  the  optimum  ratio  becomes 


(h/k)  =  1  A/T  or  r  =  kz/VT 

o'  o 


(5) 


and  the  corresponding  minimum  weight  is 


1  w 

4 -\Pi~  p  k 

ilTk2, 

“  9 

0 

^T/f) 

Clearly,  the  weight  varies  inversely  with  the  specific  tenacity, 

As  a  matter  of  interest,  the  hemispherical  shell  weighs  30  percent 

more  than  the  optimum  shell.  When  a  shell  is  evaluated  together  with  the 

other  components  of  an  entire  structure,  the  optimum  radius  will  ger  rally 

(4) 

he  different  from  that  described  here.  '  '  However,  the  main  features  of  the 
optimum  design  are  reflected  by  this  treatment. 

C.  Hyperbolic  Paraboloids 

The  variety  of  roof  systems  which  can  be  synthesized  using  hyperbolic 
paraboloid  (HP)  panels  is  quite  extensive;  however,  it  is  possible  to  study  a 
wide  range  of  such  structures  by  considering  the  weight  per  unit  projected 
area  of  a  typical  panel.  The  equation  of  the  HP  surface  shown  in  Fig,  3  is 


z  = 


(7) 


When  the  slopes  on  this  surface  are  small,  one  obtains  a  simple  expression 
for  the  shell  area: 
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j  J  H'fe!  +  (It)  J  dydx 

:/ff+A,y2+x2|ldydx 


,2  2^2\ 

a  -  ,  i  ,  n  a  +b  I 

A  _  ah  i  +  6  2  2 

a  b  / 


The  membrane  stresses  in  the  HP  shell  under  a  uniform  vertical 
pressure  p  form  a  homogeneous  state  of  pure  shear  which  can  be  simply 
expressed  as 

H=-Ef£  (10) 

2h 

where  H  is  the  shearing  force  per  unit  width  of  shell.  Assuming  that  the 
strength  of  an  FRP  lamina*'*  is  governed  by  the  maximum  tensile  stress, 
the  required  thickness  is  simply  t  =  Using  the  expressions  for  t,  H, 

and  A,  the  shell  weight  per  unit  projected  area  becomes 


ab  2  / O'—' 


(h/b) 


+  (h/b) 


2^,  2 
a  +b 


We  observe  that  this  weight  expression  is  similar  to  that  of  the  spherical 
cap,  i.  e.,  the  weight  is  inversely  pr onortional  to  the  specific  tensile  strength 
and  for  similar  geometries  the  weight  is  proportional  to  the  span  a. 

We  may  proceed  formally  to  obtain  the  optimum  HP  proportions  by 

setting 

d(W  /  ab) 


d(h/b) 


from  which  it  follows  that 
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The  corresponding  optimum  weight  becomes 


Unfortunately,  this  optimum  shell  extends  the  shell  dimensions  beyond  their 
region  of  applicability  due  to  the  assumption  of  small  slope  employed  when 
computing  the  area.  We  note,  for  example,  that  when  a  =  b,  (b/a>o  =  jJT 
which  is  far  too  large  for  the  area  approximation.  For  slopes  loss  than  unity 
the  approximation  is  quite  reasonable  and  Eq.(li)  can  be  expected  to  reflect 
quite  closely  the  weight  per  unit  projected  area: 

In  spite  of  its  shortcomings,  the  optimization  of  the  HP  shell  provides 
two  useful  results.  First,  to  minimize  the  shell  weight  the  HP  should  be 
designed  with  the  biggest  possible  rise  consistant  with  excavation  cost.  One 
intuitively  feels  that  rises  in  the  order  of  four  times  the  span  a  will  never 
be  economical.  The  second  result  is  simply  the  observation  that  the  approx¬ 
imation  for  the  area  is  always  too  high  which  implies  that  the  optimum  weight 
given  by  Eq.(14)is  too  large. 

Our  closing  remarks  shall  be  directed  toward  the  comparison  between 
the  spherical  cap  and  the  HP  shell.  The  optimum  height  of  'he  spherical  cap 
is  1/3  that  of  the  HP  which  strongly  favors  the  cap.  Howevr  r,  even  with  the 
exaggerated  prediction  for  the  optimum  weight  of  the  HP,  t;  is  shell  is  superior 
to  the  spherical  cap,  i.  e.  , 


a  =  t  =  k 


(15) 


Perhaps  a  more  useful  comparison  car.  be  made  i:y  requiring  that 
both  the  span  and  the  rise  be  kept  equal;  thus 
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(16) 


I  WCAp\  //WHp\  _  [t  -f(h/k)2]2 
Wk2  ]/  \  a2  /  2  [l  +  |<h/k)2] 

When  this  relationship  is  studied  it  is  apparent  tf.it  the  epretical  cap  is 
superior  for  values  of  (h/k)  below  0,  73  .  For  ({.eater  vu  in  is  of  (h/k)  the 
IIP  weighs  less  than  the  cap. 
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